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SUMMARY

The purpose of this program--under Contract No. NAS3-23165--was to assess an-
alytically the consequences of using broad-property fuels in both conventional
and advanced state-of-the-art small gas turbine combustors. Predictions were
made tregarding the extent to which these fuels affected performance, emissions,
operational characteristics, and durability of these small combustors. Five
fuels, Jet A, ERBS 12.8, ERBS 12.3, ERBS 11.8, and DF-2, were selected to rep-
resent the range in fuel properties that may characterize small gas turbine
fuels in the late 1980s and beyond.

Eight combustor concepts were initially selected for considerations in this
program. Three of the combustors represented modifications to the existing
baseline combustor (a current production combustor from the 250-C30 engine).
The remaining four combustors represented advanced concepts. Each combustor
concept was defined through the preliminary design phase to determine general
sizing, basic dimensions, hole sizes, and airflow distribution.

Selection cf four combustor concepts for further detailed analysis was made
objectively on the basis of the merits of each of the eight combustor concept
candidates. A total of 17 concept selection criteria were established in five
major areas for evaluation: fuel systems, performance, emissions, system ef-
fects, and development time and cost. Four combustor concepts were considered
to have sufficient merit to warrant further analysis. These included the
pressure fed dual orifice injector baseline combustor (as a control concept
for the analysis), two baseline airblast injected modifications, the short and
piloted prechamber combustors, and an advanced concept--the airblast injected,
variable geometry air staged combustor.

Final predictions--regarding the effect of the five fuels on performance,
emissions, durability, and operational characteristics of the four selected
final combustor candidate concepts-- employed the use of the STAC-1 computer
code developed during this program. This quasi 2-D streamtube (surrounding a
central recirculation zone) type model includes real fuel properties, effects
of injector type on atomization and drop size distribution, detailed droplet
dynamics, and multistep chemical kinetics. The model was specifically devel
oped to assess combustor performance, unburned hydrocarbon, carbon monoxide
and thermal nitric oxide emissions, ignition and lean-blowout characteristics,
and pattern factor trends when operating over a wide range of fuels. The com-
puter code predicts these combustor traits as a function of combustor concept,
operating condition, and fuel type.

Analysis of the processes occurring within the combustors indicates that al
though the impact of fuel type on combustion performance and liner durability
is small in comparison with the effects of combustor concept, liner geometry,
and combustor operating conditions, it is nevertheless of sufficient magnitude
to warrant serious consideration.

In general fuel property effects on various combustor concepts can be classi
fied as chemical or physical in nature. Predictions from STAC-1 and correla
tions indicate that fuel chemistry, as delineated primarily by hydrogen con
tent, has a significant effect on flame radiation, liner wall temperature, and
smoke emissions.




Fuel physical properties that govern atomization quality anAd evaporation rates
are predicted to affect ignition characteristics, lean-blowout limits, combus-:
tion efficiency, unburned hydrocarbon, and carbon monoxide emissions. Just as
these parameters, and thermal nitric oxide emissions, are predicted to be
nearly unaffected by fuel chemistry, flame radiation, liner wall temperature,
smoke emissions, and even thermal nitric oxide emission are predicted to be
sensible independent of physical properties. Thermal nitric oxide emission is
important only at high power levels and neither the chemical nor physical pro-
perties of the fuel have significant effects on this type of NO, formation

in this operating regime. Thermal nitric oxide formation 1s predicted to be
dependent primarily on the combustion gas temperature and available oxygen
concentration. Fuel bound nitrogen effects with respect to NO, production

are not significant for the fuels considered in this report.

Fuel chemistry also is predicted to have no direct influence on pattern fac-
tor. F¥Fhysical properties affect the pattern factor at low power through de
creased evaporation of the spray. The importance of the effects of this phys
ical property diminish with engine power becoming very small at the highest
power setting where the effect of pattern factor on engine life is most signi-

ficant.

Finally, STAC-1 predicted results clearly indicate that any deteriorated per-
formance characteristics of the ERBS fuels and DF-2, as compared with Jet A,
are primarily due to the physical properties of the fuels as they affect atom-
ization. The thermodynamic properties of the fuels, therefore, have little
effect on performance; however, the physiral properties, viscnsity, surface
tension, and liquid density, as they affect the atomization process, also de
termine the level of performance.

As expected, the combustor candidates that employ hybrid airblast atomization
are prcdicted to be less sensitive to the properties of alternate fuel type,
and performance deterioration can be nearly negligible.

The four combustor concept candidates were analyzed by STAC-I (or combina
tions of STAC-1 results and correlations) and ranked, relative to one another
with respect to fuel type sensitivity, according to their predicted combustion
efficiency, emissions, ignition and lean- blowout characteristics, liner wall
temperature and durability, and pattern factor.

With respect to combustion efficiency, unburned hydrccarbon, and carbon mon-
oxide emissions, the relative ranking order of the combustors was unchanged:
variable geometry, short prechamber, piloted prechamber, and basecline.

The airblast injected combustors were clearly superior to the baseline combus
tor and their overall performance was nearly identical.

Both the baseline and variable geometry combustors exhibited better predicted
ignition and lean-blowout stability characteristics than either the piloted or
short prechamber combustors.

Combustor concept ranking with respect to liner wall temperature effects,
thermal nitric oxide, and smoke emissions was predicted to be a function of
the individual combustor's internal combustionu gas temperature. The ranking




of the combustors is, therefore, in inverse order ot their combustion gas tem
perature: variable geometry, piloted prechamber, short prechamber, and basc:
line.

Liner wall temperature «ffects as a function of fuel type would be minimized

for the airblast injected concepts since they are to be constructed of Lamil-
loy, which provides enhanced cooling effectiveriess. Scot emission (smoke) is
expected to be low for these three combustors, ryain due to their use of air-
blast injection. The variable geometry combustor exhibited a clear advanlage
in regard to decreased thermal nitric oxide emission.

The predicted pattern factor of all three airblasl injected combustor concepts
was superior to that of the baseline combustor, reflecting the increased spray
evaporation rate for all fuel types. Predicted pattern factor differences be
tween the piloted and short prechzmber concepts was very small, followed close
ly by the variable geometry combustor. The baseline combustor was predicted
to exhibit considerable sensitivity -o fuel type.

On an overall basis, without regard to cost or operating complexity, the
analyses would rank the combustors in this order: variable geometry, piloted
prechamber, short prechamber, and baseline

The piloted prechamber combustor exhibited a clear, but admittedly small, ad-
vantage with respect to ignition and lean-blowout stability, and thermal
nitric oxide emission compared with the short prechamber combustor.

When cost and/or operating complexity is included in the analysis, the order
of ranking would change: short prechamber, piloted prechamber, variable
geometry, and baseline.

The short prechamber concept represents a very simple modification to the
baseline combustor, while the variable geometry would require extensive con-
trols for fuel and airflow rate scheduling.

The conclusions from this study indicate that combustors can be modified easily
to operate satisfactorily when projected future fuels are used as the energy
source for the gas turbine engine. However, other factors such as potential
fuel tank freezing should probably be given more consideration than combustor
requirements when official fuel property specifications are established.
Technical and cost considerations indicate that it will pe simpler and les
expensive to modify the combustor to meet future fuel specifications than it
will be to modify most other engine/airframe systems.

At least one or two of the final airblast injected combustor candidate concepts
{short and/cr miloted prechamber) should be constructed and a test program in:
itiated to evaluate and verify the predictions resulting from the STAC-1 com
puter code.




{. INTRODUCTION

The supply, qualily, and cost of future aviation gas turbine fuels may be ad
versely affected by diminishing crude oil supplies, increased demand for mid-
distillates, and deterioration in the quality of the crude oil supply. To en
sure a continuing supply of aviation fuel, use of jet fuels with a broader
range of properties may be necessary in the future,

The use of fuels with broad ranges of properties in small gas turbine engines
by the general aviation industry could adversely affect engine pevformance,
combustor durability, and reliability. These general aviation engines, which
have their nwn special problems and requirements, werc the subjects of this
analytical study.

The nurpose of this program--under contract No. NAS3-23165--was to analytical-
ly assess the consequences of using broad-property fuels ir both conventional
and advanced state-of-the-art small gas turbine combustors. Predictions were
made regarding the extent to which these fuels affected performance, emis-
sions, durability, and operational characteristics of these small condustors.
For this program five fuels representing the range in fuel properties that may
characterize small gas turbine fuels in the late 1980s and beyond were select-
ed.

A series of eight combustor concepts were initially selected for consideration
in this program. These combustors represented three levels of technology.

The current production combustor from the small gas turbine engine selected
for this study represented the first level; three combustor concepts repre
senting baseline combustor modifications, which could be easily substituted
for the existing baseline combustor, were considered to reflect a second level
of technology. Finally, four advanced combustor concepts, which could depart
significantly from the baseline combustor design and which were to exbhibit
tolerance to alternate fuel types while providing improved perfornance, were
selected as representative of the third level of technology.

Fina. predictions- -regarding the effect of the five fuels on performance,
emissions, durability, and operational characteristics of four selected final
combustor cgndidate conzepts--employed the use of the STAC-I computer code de
veloped during this program. This quasi-2-D wmodel includes real fuel proper
ties, effects of injector tyoce on atomization and drop size distribution, de-
tailed droplet dynamics, and multistep chemical kinetics. The model was spe
cifically developed to assess combustor performance, emissions, and durability
when operating over a wide range of fuels. STAC-I also serves as a design
tool for initial sizing and selection of engine combustor candidates.

1.1 ENGINE AND CYCLE CONDITIONS

Allison Gas Turbine Division is one of the world's largest producers of small
gas turbine engines for general aviation and military helicopters. Through
1983 Alliscn has produced over 23,000 Model 250 gas turbine engines. The
Model 250 engine, shown in Figure 1, evolved from the T63 engine originaliy
developed for the U.S. Army Light Observation Helicopter (LOH) competition in
the early 19¢0s
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Figure 1. Allison Model 250 turboshaft gas turbine engine.

From this military beginning the T63 engine moved into the commercial market-
place in 1963 to power the Bell 206 Jet Ranger. These original Model
250-series engiles were rated at 236 kW {317 shaft horsepower (shp)}. With
subsequent. modifications and growth steps, the engine has developed into three
majcr mcdels in production--including the Model 250-C20B, rated at 313 kW (420
shp); the Model 250-C28, rated at 373 kW (500 shp); and the Model 250--C30,
rated at 485 kW (650 shp).

The Allison Model 250 engine production now constitutes 68% of all gas turbine
engines between 298 and 820 kW (400 and 1100 shp) in use in the U.S. and 40%
of those in the world. The Model 250-series engine is recognized worldwide as
a well-tested, reliable product. Thus, the Mecdel 250-C30 turboshaft engine,
shown in Figure 2, was sclected for the baseline production engine on this
program. The Model 250-C30 is a 485 kW (650 shp) engine- -the latest in a
series of Model 250 engines produced for general aviation use. The unique en
gine arrangement of the Model 250 engine series petmits use of a highly sim-
plified combustion system consisting of a simple can combustion chamber and a
single fuel injector. The production Model 250--C30 prechamber combustion sys-
tem is shown in Figure 3.

Important mechanical features of the combustion system include the following:

o prechamber fed by axially swirled airflow

o dual-orifice, pressure atomizing fuel injector
o water shield over primary air feed holes

o film-cooled barrel

o dual spark ignitors
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Prechamber combustors have demonstrated the following advantages:

reliable altitude/cold starting
reduced emission levels

increased tolerance to water ingestion
reduced noise

o 0 00

The prechamber is a gocd candidate for burning wide specification fuels be
cause of its dual burning-zone feature consisting of the small-diameter pre-
chamber expanding into a larger-diameter reaction zone. There is a smooth
transition between the burning zones. The stoichiometry for this combustor
was designed to be fuel-rich in the primary zone to improve idle emissions. A
reaction- zone equivalence ratio of almost 1.8 occurs at the maximum power con-
dition. The measured smoke level of the combustor at ttis condition, an En-
vironmental Protection Agency (EPA) smoke number of 45, is faintly visible in
helicopter applications. The combustor operating conditions for the Model
250-C30 engine are given in Table 1.

Table I.
Model 250-C30 combustor operating conditions for LOH duty cycle
and JP-4 fuel.

Airflow rate, Burner .inlet Burner outlet

KW--shp Hp--%  Wa--kg/s (lb/sec) temperature--°C (°F) tempereture--°C (°F)
Takeof f 484.7 (650) 100 2.48 (5.47) 321 (610) 989 (1812)
Cruise 415.4 (557) 86 2 37 (5.22) 306 (582) 931 (1708)
Hover 372.9 (500) 77 2.29 (5.04) 297 (566) 899 (1651)
Air taxi 279.6 (375) 58 2.08 (4.59) 275 (527) 831 (1527)
Descent 186 .4 (250) 38 1.84 (4.05) 252 (485) 755 (1391)
Flight idle 93.2 (125) 19 0.98 (2.15) 179 (354) 560 (1040)
Ground idle 29.8  (40) 6 0.91 (2.00) 149 (300) 516 ( 960)

Trise - Burnetr inlet Corracted flow-- Fual flow, Wg-- Fuel/alr

*Cc (*m pressure--kPs (psia) W RVT/P kg/h (lb/hr) ratio
Takeof f 650 (1202) 872 (126.5) 1.4145 167.9 (370.1) 0.01879
Cruise 608 (1126) 812 (117.8) 1.4304 l48.4 (327.2) 0.01741
Hover 585 (108%) 774 (112.2) 1.4388 137.0 (302.0) 0.Cleb4
Air texi 538 (1000) 685 ( 99.3) 1.4522 113.5 (250.3) 0.01515
Descent 486 ( 906) 583 ( 84.6) 1.4716 89.5 (197.3) 0.01353
Flight idle 363 ( 68¢6) 304 ( 44.1) 1.3910 38.3 ( B4a.4) 0.01090

1.3004 31.8 ( 70.0) 0.00972

Ground idle 349 ( 660) 292 ( 42.4)




As denoted in Table I, the Allison Mode) 250-C30 engine consumes approximately
2.48 kg/s (5.5 lb/sec) of air while operating at an 8.6:1 maximum power pres
sure ratio. The combustor outlet temperature is approximately 982°C (1800°F),
allowing for future thermal growth. The Model 250-C30 turboshaft engine has
wide usage and is representative of the present state of the art; the iodel,
therefore, was chosen as the characteristic small gas turbine engine for this
study.

1.2 FUELS

To distinguish fuel property effects on various combustor designs for a gas
turbine engine, both physical and thermodynamic fuel data are required. Phys
ical data, i.e., liquid viscosity and surface tension, are used in conjunction
with injection models to determine spray drop size distribution and location.
These particular properties have been determined for many of the alternate
fuels. However, the thermodynamic and some additional physical properties of
hydrocarbon mixtures required by the spray combustion model STAC-I include, as
a minimum, the following as a function of the droplet internal temperature:

o liquid
o molal mass
o density
o specific heat and enthalpy
0 vapor pressure
o latent heat of vaporization
o vapor
o molal mass
o specific heat and enthalpy
o thermal conductivity
0 viscosity

For hydrocarbon fuels such as JP-4, JP-5, JP-8, Jet A, and DF-2, such proper
ties are tabulated or can be determined using the methods of Ref 1, 2, 3, 4,
and 5. However, the various specifications for the family of Experimental
Referee Broadened Specification (ERBS) fuels, such as ERBS 11.8 and ERBS 12.3
(weight percent of hydrogen), result from the fact that these fuels are blends.
Both of these blends are composed of different mixtures of ERBS 12.8 (which is
already high in aromatic content having a hydrogen-carbon ratio of 1.76) and a
light blending stock, which has an extremely high volumetric aromatic content
(above 80%) and a low hydrogen content--10.26% by weignt. The high aromatic
content of the blending stock is composed of very volatile compounds (more
than 20% by weight naphthalenes). As a consequence, the distillation curves
of all three ERBS blends, as presented in Figure 4, deviate considerably from
those of the more usual hydrocarbon fuels, also shown in Figure 4. The devia
tion is more pronounced for the ERKBS 11.8 and ERBS 12.3 blends below the 50%
distillation point because they reflect larger concentrations of the blending
stock. Above the 50% distillation point, all of the FKBS blends appear to
have approximately the same properties resulting from the heavier, low vola
tility fuels from which the parent fuel, ERBS 12.8, was made.

The most definitive data obtained describing the physical and thermodynamic
properties of the ERBS fuels have been gathered through the characterization
work of F. N. Hodson at Monsanto (Ref 6) under contract to Major D. Potter,
Air Force Wright Aeronautical Laboratory (AFWAL)/POSK, Aero Propulsion Labora
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Figure 4. Fuel distillation curves using ASTM D86 method.

tory, Wright-Patterson Air Force Base, Ohio. Communications with both of
these men led to the conclusion that very few ERBS 11.8 and ERBS 12.3 thermo-
dynamic property data exist at elevated temperatures. Due to the constituency
of these fuels these properties were thought to be incalculable by the stan-
dard methods of Ref 1 through 5. 1In fact, very few ERBS 12.8 thermodynamic
data exist in this temperature regime. But due to the lack of the

blending stock, the methods of Ref 1 through 5 were thought usable to obtain
most of the thermal properties of this fuel. Thus, to model the effects of
these broad property fuels, representative fuels were initially selected that
bracket the properties of the ERBS blends and for which thermodynamic data
were available.

The fuels initially selected for use in this analysis are listed along with
some of their pertinent combustion-related characteristics in Table I1.

The DF- 2 chosen for analysis differs from that presented in Figure 4. While
the Tulsa 1981 D¥F-2 is closer in hydrogen percent by weight and aromatics per-
cent by volume to ERBS 12.3, very few thermodynamic data were available for
this particular DF-2. Further, this fuel was not representative of typical
commercially available DF-2 fuels. The DF-2 fuel chosen resulted from a

11




Table 11.
Selected broad-gpecification fuel types.

DF- 2
ERBS ERLS ERbBS (Navy fuels
JP-4 Jet A 12.8 12.3 11.8 survey, 1982)
Molal H/C 2.02 1.91 1.76 1.67 1.59 1.82
H% by weight 14.47 13.80 12.85 12.30 11.78 13.22
Aromatic % by vol 13.2 17.5 28.8 30 4% 49 .6 25.0
Stoichiometric 0.06751 0.06822 0.06924 0.06987 0.0704¢ 0.06882

weight f/a

characterization study of the erffect of fuel composition on Navy TS5¢ aircraft
hot section components (Ref 7). The thermodynamic data fo- this fuel were
available. Though it more closely resembles ERBS 12.8 characteristics, the
ASTM D8¢ method distillation data curve is nearly identical to that of the
Tulsa 1981 DF-2 fuel. The single exception is the initial boiling point (1BP).
The IBP for the selected fuel is 34°C lower (153°C) than that for the Tulsa 81
DF-2. Temperature values for the 10% distillation point and beyond. however,
are virtually identical for the two fuels.

As additional data and test results pertaining to the use of ZRBS fuels became
available (Ref 8), the ERBS fuels appeared tc be acting as normal distillate
fuels when burned in gas turbine combustors. The aromatic concentration of
the fuels did not affect temperature contours appreciably within the combus-
tor; rather the enhanced heat transfer to the liner walls was due to increased
radiation flux to the walls. This radiation flux increzses as aromatic con-
centration increases; but such an effect can be computed by a heatl transfur
model that includes the effects of the C/H ratio (or H%) of the fuszl on the

flame emissivity, c.

As far as the actual combustion process is concerned, chemical reaction rates
were found to vary only slightly between the various hydrocarbon fuels of in-
terest to the aircraft gas turbine (Ref 9). This slight variation is partly
because these fuels exhibit only slight differences in adiabatic flame temper-
ature. The variation is also due to the fact that the fuels are largely
pyrolyzed to simple hydrocarbons and hydrogen entering the true reaction zone.
Hence, the gas composition in the reaction zone is substantially independent
of the parent fuel. Any differences that occur in ignition performance,
lean-blowout (LBO) limits, and ccmbustion efficiency should then be caused
mainly by differences in the physical properties, viscesity, surface tension,
and density, of the fuel insofar as they control the quality of atomization
and the ensuing rate of evaporaticn. These same physical properties, along
with critical liner design features, and the combustor operating conditions
determine the level of emissions. (With the exception of smoke, soot forma
tion is strongly dependent on fuel chemistry.)

These results prompted a review of the initial conclusions that the thermody

namic properties of ERBS 12.3 and 11.8 could not be calculated by staudard
distillate fuel techniques. Both Maxwell's (Ref 4) method of fuel property
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determination and the characterization factor (KF) techniques of Ref 2 treat a
range of petroleum fractions that consider paraffin hydrocarbons, having a
maximum hydrogen content, as one end and aromaties, which have a minimum
Lhydrogen content. as the other end.

Further, the physical properties, viscosity, and surface tension of the ERRS
fuels were well bracketed by Jet A and DF-2. The density of the ERBS fuels is
only slightly greater than that of DF-2, and the variation of density with
temperature appears to correlate well with standard hydrocarbon relation-
ships. Structural dcta, involving the composition of the ERBS fuels (Ref ¢),
were used to compute the latent heat of vaporization and molecular weight of
the three EFsS fuels and the resulting values correlated well with those com-
puted using the methods of Ref 2 and 4. Measured vapor pressures of the ERES
fuels (Ref 6) were bracketed by values of the varor pressure for Jet A and

DF-2.

One of the most important thermodynamic properties of a liquid fuel is its
specific heat. An analysis of liquid droplet heating and evaporation reveals
that the specific heat variation with temperature is one of the major controil-
ling parameters in proper prediction of these rates. When a liquid spray is
injected into hot combustion gases, the initial rate of evaporation is low,
and most of the energy transferred to the drop from its surroundings is used
in heating up the drop. As the liquid temperature rises. the vapor concentra-
tion at the drop's surface increases, and a larger proportion of the heat
transferred to the drop is used to supply the latent heat of vaporization.
Eventually the drop may attain its wet bulb temperature, and from then on, the
rate of evaporation will remaiu nearly constant at its maximum value.

If, however, the liquid fuel's specific heat variation with temperature dra:
matically increases the value of specific heat, the rate at which the liquid
temperature rises is clow enough %o iwpede the evaporation rate of the drop-
let. Application oi the methode of Ref 2 and 4 to ccmpute the specific heat
of the ERBS fuels failed to correlate with the measured values as recorded in
Ref 6. This lack of correlation was initially responsible for the belief that
the ERBS thermcdynamic fuel properties could not be calculated by standard
hydrocarbon correlations. - Further investigation of the ERBS specific heat
values reported in Ref 6 indicated, however, that their variations with tem:
perature increased at a rate 2.5 to 5.5 times that of the specific heat varia
tion with temperature of Jet A. Thus. at typical hydrocarbon wet-bulb temper-
atures of 288 to 316°C (550 to 600°F), the extrapolated ERBS specific heat
values of Ref ¢ were more than twice that of Jet A (or other hydrocarbon
fuels). This value of the ERBS specific heat was high enough to cause the
droplet evaporation rate to be negligibly low. (The evaporation rate depen
dence on temperature is not linear as the vapor pressure is an exponential
function of temperature.) 1In fact, a combustion analysis of the ERBS fuels
using the measured value of specific heat variation with temperature indicated
that the combustor flow field would not sustain a flame at normal operating
conditions.

Frivate communication between Gary Seng of the NASA Lewis Research Center fuel
labs and R. D. Sutton resulted in a resolution of the problem. Calibration of
the Ref ¢ instrument used to measure the specific heat value of the ERBS fuels
indicated that a significant error had been present during the measurements.

Removal of this error resultced in specific heat values for the ERBS fuels that
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correlated well with those computed using the methods of Ref 1 through 5. The
enthalpy of the liquid fuels was obtained by integrating specific heat with
respect to the thermochemical reference standard state of 298°K (77-F) and
adding the enthalpy of formation of the liquid at this standard state.

Nc measured data exist for the thermodynamic or physical properties of the
ERBS fuels in their vapor state. Howsver, since the liquid properties of the
ERBS fuels correlated well with standard liquid hydrocarbon correlations, the
vapor properties of the ERBS fuel were computed using standard vapor hydro
carbon correlations.

Both the liquid and vapor properties of Jet A, ERBS 12.8, 12.3, 11.8, and DF-2
are presented in graphical form as a function of temperature in Appendix A.
The correlations used to obtain the variation of the individval properties
with temperature are also listed. Properties for JP-4 are rot presented be
cause the properties of Jet A ad DF-2 effectively bracket most of the pro-
perties of the ERBS fuels.

1.3 COMPUTER ANALYSIS MODEL- -STAC-I

Prediction techniques must be established for accurately estimating, for any
given combustor, the impact of any change in fuel specification on hardware
durability and the key aspects of combustion performance. A complicating
factor in the attainment of this goal is that the effect of a change in fuel
properties is not constant for all combustors but varies between one combustor
and another, due to differences in operating conditions and differences in de
sign. For example, the effect of an increase in carbon/hydrogen ratio on
liner wall temperature is much greater for combustors featuring fuel-rich pri-
mary zones than for combustors in which the primary zone is fuel-weak. This
is because with tvich primary zones most of the heat transferred to the liner
wall is by radiation, which is proportional to ¢T4. Thus, liner wall temper-
ature is dependent on the flame emissivity, ¢, which, in turn, is dependent

on the C/H ratio of the fuel. With fuel-weak primary zones, however, most of
the heat transferred to the liner wall is by forced convection. Here the dom-
inant term is the gas temperature, T,, which is fairly insensitive to changes
in C/H ratio. 1In consequence, quite large changes in C/H ratio produce only a
slight effect on liner wall temperature.

Another complicating factor is that the various properties and characteristics
of petroleum fuels are so closely interrelated that it is virtually impossitle
to change any one property without affecting many others.

The objective of this program is to advance combustion technology, relative to
small gas turbine engines, through an analytical study evaluating the impact
of broad property fuels on the performance, emissions, and durability of con:
ventional, modified conventional, and advanced combustor systems. In recogni-
tion of this objective and because of the complicating factors, the use of
empirical correlations to assess all aspects of such an impact was considered
to be unsatisfactory. Empirical correlations to assess the effects of fuel
compositionr on various gas turbine combustors are useful when experimental
data are available. An excellent example of such use of empirical correla
tions is the work of Lefebvre (Ref 9). However, satisfactory correlation of
the data to physical phenomena requires the adjustment of constants within the
derived empirical expressions. These constants are, in general, specific to




the set of data being analyzed (i.e., the fuels, combustors, performance,
emissions, and durability factors that comprise the data set) and, in most
cases, specific to the individual combustor being analyzed. The variation in
the values of the constants obtained from different combustor types virtually
prohibits the extrapolation of predicting fuel effects on the performance,
emissions, and durability of future combustor designs.

As this study is concerned primarily with analytically evaluating the impact
of fuel effects on future combustors (for which no experimental data exist), a
generalized computer model was specifically developed to determine the neces:
sary size, configuration, and durability of combustors required to meet per-
tormance and emission standards while cperating over a wide range of fuels.
The model was used to assess concept trade offs relating to each of four com-
bustor candidates selected from the eight initial concepts. The initial
selection process, semi-quantitative in nature, is described in the following
section. The formulation of the computer model and its application to the
four final concept combustors are discussed in Sections III and IV of this

report.

The quasi-two-dimensional (2-D) streamtube analysis in combustors, version I
(STAC-1), codz was designed to bridge the gap between nonrealistic, perfectly
stirred global reactor concepts and full three-dimensional (3-D) codes that
emphasize detailed aerodynamics and are better utilized to define the flow
field within and required modifications to existing combustors. For example,
STAC-1 can analyze and evaluate a proposed new combustor design with respect
to size, predicted performance, and emissions in approximately 5 to 10 min.
This same evaluation would require up to 2 hr or more of computer time if one
of the 3-D codes were used.
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I1. COMBUSTOR CONCEPTS

Eight candidate combustors were initially selected for the Allison Model
250-C30 gas turbine engine. Four of these concepts were analyzed with the
combustor model, STAC--1, to assess their tolerance to broad property fuels.

The purpose of this section is to discuss the selection of the four combustor
concepts that were considered to have sufficient merit to warrant further
analysis. The eight preliminary combustor concepts consisted of the baseline
production Model 250-C30 combustor, three concepts that were simple modifica
tions to the baseline combustor, and four advanced combustor concepts. A list
of these eight combustor concepts appears in Table I1I.

Table I111.
Eight preliminary combustor concepts selected for Model 250-C30.

Concept
Number Classification Concept Name/Description
1 Baseline Production Model 250- C30
2 Baseline mod Short precnamber
3 Baseline mod Lean prechamber
4 Baseline mod Piloted prechamber
5 Advanced design Reverse flow
¢ Advanced design Annular primary
7 Advanced design Variable geometry air addition
8 Advanced design Staged fuel

2.1 DISCUSSION OF PRELIMINARY CONCEPTS

Each combustor concept was defined through the preliminary design phase to
determine general sizing, basic dimensions, hole sizes, and airflow distribu
tions. An aerodynamic analysis was performed on the baseline combustor to de
fine individual airflows entering the combustor liner. The remaining seven
concepts adjusted individual airflows by area ratios. A semi-quantitative
stoichiometry zonal analysis was defined for each concept to permit fuel/air
ratios and equivalence ratios to be computed for each internal zone (e.g.,
primary, intermediate, dilution, recirculation, etc). All of these analyses
were performed assuming the combustors were burning a typical JP-4 fuel.
Effects due to fuel property variations were computed by STAC-1 for the final
four combustor concepts.

2.1.1 Concept 1--Baseline Model 250-C30 Combustor

The production combustor system for the current Allison Model 250-C30 enginc
is a single can-type combustor that directly feeds the first-stape turbine
vane annulus. Components in the combustor system are identified in Figure 5.
The can combustor is a prechamber type design that has been developed at

Allison and has demonstrated exceptional combustion stability against lean
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blowout and engine water ingestion. The prechamber functions as a fuel/air
premixing region that then supplies the swirl-stabilized, abrupt-expansion
primary zone in the combustor liner. The production fuel nozzle is a dual-
orifice, pressure-atomizing injector. The fuel nozzle and the axial swirler
comprice the entrance area of the prechamber.

The combustion liner is cooled by two film-cooling baffles in the primary zone
dome and by two film-cooling corrugations along the liner barrel. Ignition is
accomplished with two surface-gap spark igniters located 90 deg apart at the
bottom of the prechamber. A water shield covering both the primary air-addi.
tion holes and the two liner film-cooling corrugations is also used to improve
the tolerance to engine water ingestion.

Aerodynamic mass flow distributions were predicted using the aerodynamic air
distribution design model, CJ-2D, for the baseline combustor at each of the
seven steady-state cperating conditions. Differences in flow distributions
among the operating conditions were negligible, so the maximum power flow
distribution shown in Figure (¢ was used for all operating conditions.

With the flow distributions defined, the stoichiometry zones for the baseline
combustor were determined as illustrated in Figure 7. ¥rom a combustion de
sign standpoint, the zones of fundamental interest are the prechamber,

CJ-2D Predicted air mass

flow distribution-percent of total
250-C30 Max power--P/N 6890981

Wy = 2.48 kg/s (5.47 Ibm/se%
Wi = 168 kg/h (370.1 1bm/hr,
AP/P = 5.13%

)

R ——
\ N
9.98 371.79 ! 5.51
T
¢
t
4.96 nn |

TEB4-1531

Figure ¢. Baseline Model 250-C30 aerodynamic analysis flow distribution.
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Figure 7. Definition of stoichiometry zones for baseline Model 250-C30
combustor.

primary, post-primary (interwmediate), and center zones. Stoichicmetries for
each of these zones were defined based on a semi-analyticai/empicical fiow
analysis employing past exverience with other combustion systems.

The average equivalence ratio, ¢, in each combustor zone is

W

£
¢ = ﬁ—/(f/aq)
a g
where
Wy = fraction of the air in that zone
We = fractional expression of the fuel in that zone as compared with

the overall fuel rate or, proportionately, the overall fuel/air

ratio (f/a,)
f/ag - stoichiometric (¢ = 1) fuel/air ratio foi: the fuel being burned

Using this definition, air and fuel flow proportions were defined for each
zone. From these definitions the average zone equivalence ratios were comn-
puted. In the following analysis, simplifying assumptions have becn nade.
Only one, thin, hollow svuray cone is assumed to flow from the fuel injector.
This spray cone mass is "initially presumed” to flow through the prechamber
and primary zone without loss of mass to the plane of the primary jets. There
a certain percentage of the spray cone mass is entrained by the primary jocts.
This entrainment is denoted 2s primary hole blockage (PHB) and is computed in
the following manner. The diameter of the thin spray cone at the primary jet

20




plane is assumed to be equivalent to the combustor diameter at this planec.
Since the spray cone is considered to be thin, the proportion of the spray
cone mass entrained by the primary jets is taken as the linear ratio of the
number of primary jet nholes times their diameter to the perimeter of the com
bustor at this plane. That is, the entrainment, or PHB, is:

Number of primary jet holes x diameter hole
1 x diameter combustor

PHB =

Of this entrained spray mass, half is assumed to recirculate and enter the
primary zone. The remaining half of the entrained spray mass flows downstream
inte the cent:r zone. This same proportion applies to the primary jet flow;
half is assumed to recirculate into the primary zone and the other half flows
into the center zone. Simple bookkeeping now indicates that, of the spray
cone mass, (1 - PH3) of it is available for reaction in the prechamber and

(1 - PHB + PHB/2) = (1 - PHB/2) is available for reaction in the primary zone
and post primary zone. These results occur, of course, due to the initial
assumption that the proportion of the total spray entrained by the primary
jets is based on 100% of the spray available just prior to entrainment. Iu
light of the other assumptions, an iteration on the amount of the spray cone
mass available at the primary jet plane is nct warranted.

Iin the analysis that follows, the equivalerce ratio of the recirculation zone
and the center zone are assumed to be the same. The recirculated combustion
products shown in Figure 7 are not considered. Further, no pilot spray (as
from an actual dual orifice injector) is considered. A portion of this spray
flew, if it were present, would enter the recirculation zone and, in combina-
tion with the entering portion of the primary jet air and recirculated combus-
tion producis, increase the equivalence ratic of the recirculation zone and
enhance both ignition and lean-blowout chacracteristics of the combustor.
Finally, the concept of a center zone downstream of the recirculation zone,
and into which half of the primary jet flows, is simply an artifice to permit
the computation of the approximate equivalence ratio of the prechamber and
primary zones. As each of the combustor candidates was analyzed and ranked
using the same approximations, errors incurred through lack of detailed flow
field information were thereby greatly diminished. Thus, the analysis and
ranking procedure described in the following is considered quite valid. A
full, detailed flow analysis of the final four selected combustor candidates
was performed using STAC-I (see Sections I1l1 and IV) and, in general, tended
to cenfirm the order of ranking

The following are the airflow and fuel flow definitions for the baseline com
bustor; f( ) in the following equations vepresents the fraction of the totai
airflow.

1. Prechamber

W,(1Y = f(swirler) + .(ferrule) + f(fuel nozzle)
= 0.1290 + 0.0084 + 0.0029
= 0.1403
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We(l) = (1 - primary hole blcckage) * f/a,
= (1L - 6 % 0.563/(1*5.696)) * 0.0188
= (1 - 0.1888) * 0.0188
= 0.0153

Example calculations presented for We(l) and ¢ (1) in the following were
performed for the maximum power operating condition (e.g., f/a, = 0.0188):

¢ (1) We(l) /(W (1) * £/ay)
0.0153/7(0.,1403 * 0.067920)
1.6005

h

# 8

Values used in these equations are given in the upper portion of Table 1V,
The lower portion of this table shows the zonal sirflow, fuel flow, and equi-
valence ratios for each ¢f the seven steady-state operating conditions. Note
that the film-cooling from the corrugations is not assumed Lo mix into any of
the zones analyzed:

2. Primary zone

Wo (2 Wall) + 1/72*% f(primary) + 1/4 * f(dome cooling)
We(2) = (1 - 1/2 * primary hole blockage) * f/a,

3. Post-primary zone

Wa(3) = Wg(l) + 1/2 * f(primary) + 1/2 * f{dome cooling)
We(3) = We(2)

4. Center zone

172 * f(primary)

Wg (4)
1/2 * primary hole blockage * f/s,

We(4)

[

Using the numerical results from Table 1V, the combustor prechamber and pri-
mary zones have the following average equivalence ratlios (neglecting pilot
flow): :

Erechamber Primary zone
Takeoff 1.60 1.09
Ground idle 0.86 0.58

Thus, when the fuel rate in the baseline combustor drops to very low levels,
as at idle, the prechamber iretains an adequately rich fuel/air mixture that,
when coupled with the recicculation zone (fueied with pilot spray flow) cre-
ated by the swirl flow field and abrupt expansion flame stabilization, results
in a very stable pilot region. It is this stability feature of the prechamber
that allows it to behave as a premixing region at high power levels when the
fuel carries into the primary zone or as a piloi region wheu the fuel rates
are low and combustion occurs in the prechanber.
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2.1.2 Concept 2--Short Prechamber Combustor

The short prechamber combustor, shown in Figure 8, is very similar to the
baseline. The distinguishing features are as follows:

slightly reduced prechamber length
increased prechamber swirl
airblast fuel injection

advanced cooling (Lamilloy®%*)

[« 2N« I o I o]

The prechamber length reduction combined with increased prechamber swirl will
provide more stable performance by avoiding prechamber wall fuel wetting,
which is sometimes experienced on the baseline combustor and can cause unde
sirable performance variations. The short prechamber will therefore be used
on all of the remaining prechamber configurations.

The airblast fuel injector will provide reduced fuel droplet size and improved
fuel dispersion into the combustion air. This improved fuel/air integration
will exist at all operating conditions. The airblast fuel injector is there-
fore a fundamental improvement that will be used on all of the remaining con-
figurations, whether or not they retain a prechamber.

The lLamilloy advanced cooling scheme will be used in the short prechamber de
sign to overcome two shortcomings “n the baseline combustor. First, exhaust
emissions (CO, UHC, and smoke) would be reduced since Lamilloy does not quench
and directly transport to the turbine incompletely oxidized components near
the liner wall as does the film cooling system on the baseline combustor. By
keeping these components in the reacting environment, they should continue to
react toc completion, resulting in significant lowering of exhaust pollutants.
Second, the Lamilloy cooling system does not interfere with the primary zone
aerodynamic recirculation pattern as does the aft flowing dome film-cooling
system on the baseline combustor. This improvement in primary zone recircula
tion should improve lean blowout stability and low power combustion efficiency.

Zonal analysis definitions for the short prechamber cc¢mbustor were identical
to the baseline combustor, with adjustments made in flow distributions to ac-
count for differences in fuel nozzle and cooling flows. The equivalence ra-
tios for the short prechamber were the following (again in the absence of a
simplex pilot combined with the airblast main injector):

Prechamber Primary zone
Takeoff 1.49 1.04
Ground idle 0.80 0.56

The short prechamber design appears to be an excellent candidate combustor
that incorporates some simple improvements to an already good combustor and
should produce a low-emission, fuel tolerant, stable combustor system.

*Lamilloy is a registered trademark of General Motors Corporation.
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2.1.3 Concept 3--Lean Prechamber Combustor

This modified baseline concept is shown in Figure 9. This concept is similar
to the short prechamber design, but additional air is introduced into the
prechamber by means of a radial inflow swirler to achieve a leaner prechamber
equivalence ratio. This will result in improved smoke control with the low
hydrogen broad specification fuels. Operation of this type combustor on other
experimental programs demonstrated excellent mixing efficiency and performance
potential at the design point with aivblast fuel injection and radial and
axial air entry swirlers.

Zonal analysis definitions for air and fuel remained the same as for the base-
line combustor, again with the air distributions adjusted to produce a leaner
primary zone. Equivalence ratios for the lean prechamber were the following
(apain in the absence of a pilot flow):

Prechamber Primary zone
Takeoff 1.07 0.93
Ground Idle 0.57 0.50

Because the primary zone is leaner to reduce smoke and NO, emissions, the
range of satisfactory performance at low power and the range of lean blowout
stability is somewhat compromised. Thus, this design may not perform as well
overall as the short prechamber (Concept 2), which maintained the higher zonal
stoichiometries.

2.1.4 Concept 4--Piloted Prechamber Combustor

This modified baseline concept is shown in Figure 10. The principal design
objective of this concept is to accomplish improved prechambe. piloting with a
single centerpoint fuel injector. 4s illustrated, the pilot stage is fueled

by a narrow spray-angle pilot tip. The pilot fuel spray eng:ges a small amount
of air entering the prechamber through a conventional axial swirler. The pilot
zone flame stabilization is improved over conventional prechambers by the pre-
chamber wall divergence, which sets up recirculation and flame stabilization

in the swirling flow field.

The main zone is fueled by a very wide spray angle airblast atomizer. The
main zone fuel is deposited on the prechamber walls by the wide fuel spray
angle and the prechamber swirling flow field. Subsequently, the main zone
fuel is airblast atomized from this surface into the main combustion zone by
the main zone swirling air. This "wall film" fueling method has grovided out-
standing performance in several Allison advanced combustor programs. This
arrangement ensures that the pilot zone is not overfueled by the main zone
fuel. In effect, the piloted prechamber combustor is a staged combustor with
the fueling simplicity of a single zone combustor. The staged comtustion al-
lows good idle and ignition performance from the pilot combustion zone. The
main combustion zone also achieves excellent performance because this zone may
be sized for lean conditions for low smoke, uncompromised by ignition and low
power requirements, that are met in the pilot combustion zone.

26




217

‘Jaoquelyoaad ueal - -¢ "ON 3de210d aejisnquo)

‘6 @andig
BN
H N /,
- ) ' Yif ¥
~ Buijood ; g
4 Ao | ywor
/‘.
‘ auoz A1owyid up3| \
: 04 JBjIMS |
mojjul |D1poY -
1028luy
,_ auoz 204
fad Aiowyid 80194y

uoa ‘
1 saquoydasd /
pauajioys

T




0056-1834

-aaqueyosaad pajoitid v coN 3d2ouod 301snqwo)l (T 2an%813

!
.(’f come

HHEFI

e R
J | \
Buijoo> \ Y i} /,
Aoj|1we . L |
* - auoz jo}id Jcy
Te um i 13)Mmg
Apids |2n§ uiow
3|Bup=-apim ».
3uoz zwx
°|d
Aouds jany jojid
3UCD MOLIDN
. S = 10423lus
suoz .o o0}
oW 104GV
11D 3uoz
. r s uiDyy 10j I..ﬁ \\
SETRTTNS
B
. —

28




The main stage ~an achieve additional perfoirmance gains from fuel preheating
and prevaporization resulting from the elevated pilot-side temperatures. The
staged combustion characteristics of the piloted prechamber combustor in con-
junction with its mechanical simplicity represents a definite combustor tech
nology advancement.

The success of the piloted prechamber depends on the successful design and in-
tegration of the multiple orifice fuel nozzle. 1Initial designs of the fuel
system used a two (or dual) orifice fuel injector--one orifice for the pilot
and one orifice for the main flow. For good stoichiometry conditions at high
power the main zone should operate at equivalence ratios of one or less. If
both main znd pilot nozzles operated at idle, then the main nozzle received
insufficient fuel rates for stable operation. If the pilot orifice flowed all
of the idle fuel with the main nozzle off, then at high power the pilot was
overly rich creating excess smoke and NO,. Thus, the solution evolved to a
three orifice or triplex fuel nozzle incorporating idle, low, and high power.
To control the local stoichiometries, the nozzle requires a valving system
that directs fuel to the proper orifices as a function of power level or fuel
pressure level.

The desired fuel nozzle operation is shown in Table V for various operating
conditions.

Table V.
Fuel nozzle operation.

Fuel nozzle orifice

Pilot Low power High power
Start On On Off
Idle on On Off
Descent On of f Oon
Cruise Oon of f Oon
Takeoff On off On

The pilot orifice flows as soon as pressure is applied to the nozzle and con-
tinues to flow at all conditions. The low- power (idle) orifice is sized in
conjunction with the pilot nozzle to flow enough fuel to operate the engine at
either ground or flight idle conditions (32 or 38 kg/h [70 or 84 lb/hr])).
Above idle fuel rates (pressures) the low-power nozzle shuts off as the high
power nozzle opens. This occurs in such a manner that there are no flow de
creases with increasing fuel pressure. By the time the descent fuel flow
level is reached (89 kg/h [197 1lb/hr]), the low- power orifice is off and the
high power orifice is on. At this and all higher fuel flows only the pilot
and nigh-power orifices flow fuel. The pilot and low power orifices consti
tute the piloted, narrow-angle fuel spray, thus effectively being a dual ori-
fice pilot whose secondary opens and then closes as fuel pressure increascs.
The high-power (main) orifice is the wide angle spray orifice that supplies
the main primary zone. The fuel nozzle orifice schedules, for all three ori
fice flows, are presented in Figure 11.
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The average zonal equivalence ratios for the piloted prechamber combustor us-
ing the special triplex fuel nozzle described are the following:

Prechamber Pilot Main primary
Takeoff 2.32% 0.79 0.99
Ground Idle 1.20 1.23 0

*due to the presence of the largely unreacting main nozzle wall-
filming flow

The prechamber in this case is the dome of the piloted section accounting for
airflows from the fuel nozzle and adjacent axial swirler and the total injec-
tor fuel flow.

New internal zores and air and fuel proportions were established for this
piloted prechamber design to be more representative of the expected internal
flow patterns. The center zone becomes a true pilot zone operating indepen-
dently from the main zone. As described, both the piloted and main zones are
expected to operate relatively lean at high power. With all of the fuel
constrained to the pilot region at low power, the combustor should exhibit
high stability and have good lean-blowout characteristics.

2.1.5 Concept 5--Reverse Flow Primary Combustor

This design, depicted in Figure 12, employs a primary-zone film cooling air
flow reversal. In this technique, the primary zone cooling air is also
utilized as combustion air. Additional combustion air is supplied by the air--
blast fuel injector, the dome swirler, and the primary jet air holes. This
design concept is a fundamental improvement in cooling air management. Cool-
ing air is generally bad for most ccmbustion aspects because the reactions are
quenched in the cooling air layer, thereby promoting CO, hydrocarbons, soot,
and smoke. By reversing the cooling flow direction, these unburned products
are returned to the combustion zone where the reactions can be completed, and
the advanced cooling technique (Lamilloy) used on the other concepts is not
required.

The reverse flow combustor concept is in production on the Allison Model 501-K
industrial engine. This engine has met the stringent air pollution and smoke
requirements that accompany a wide range of fuel usage in industrial gas tur-
btines.

The excellent performance potential of the reverse flow combustor concept for
the Model 250-C30 engine is based on results achieved in the NASA program Pol
lution Reduction Technology Program, Turboprop Engine -Phase 1, Ref 10.
Especially noteworthy is the low smoke No. of approximately 7, obtained over
the entire engine operating range.

The internal stoichiometry of the reverse flow combustor should be improved

over the baseline combustor. The equivalence ratios entering the combustor,
comprised of the fuel nozzle and swirler air plus the fuel itself, are high as
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shown, as is the center zone (more properly, the recirculation zone), which
should provide for greater LBO stability. These calculations do not include a
simplex pilot flow.

Fuel nozzle/swirler Primary zone
Takeoff 2.52 1.10
Ground idle 1.36 0.59

2.1.6 Concept 6-—-Annular Primary Zone Combustor

This new design concept is presented in ¥igure 13. An annular combustor pri-
mary zone is employed in place of the current can-type primary zone. Airblast
fuel injection is alsc employed. The airblast swirl air is supplemented oy
primary jet holes. The annular combustor zoncept has fuel injection from many
points so that the mixing scale is greatly reduced compared with a single fuel
nozzle can. These factors allow improved fuel/air mixing compared with the
baseline can-type combustor. As 2 resu.t, improved smoke conirel may be ex-
pected with this concept. The more uniform primary zone shouid produce a more
uniform exhaust temperature profile vten compared with a single fuel nozzle
can such as the baseline combustor.

The negative aspects of this design are the increased liner surface/volume
ratio, which requires additional air for cooling, and the problems associated
with the increase in the number of fuel nozzles--from one in the baseline com-
bustor to six for this annular primary zone design. The maximum engine fuel
flow of 167.8 kg/h (370 lb/hr) is easily handled by the single fuel nozzle in
the baseline combustor as is the idle fuel rate of 31.8 kg/h (70 lb/hr). The
six fuel nozzles in this annular primary zone concept will each inject one-
sixth of the total fuel flow: 28 kg/h (61.7 lb/hr) at takeoff and 5.3 kg/h
(11.7 1b/hr) at ground idle. Therefore, the orifices in these low flow noz-
zles will be about 40% of the diameters in the single-nozzle combustor. Plug-
ging of these fuel nozzles, thus can become more of a problem unless addi-
tional fuel filtering is added to the system. The lower fuel flow rates per
nozzle can also result in longer cvesidence times in the combustor inlet en-
vironment and become a problem for fuels having low thermal stability.

Because of the high surface/volume ratic in the primary zone of the liner,
Lamilloy cooling is considered mandatory for this type of combustor. Cooling
of this annular primary zone concept, even with the use of Lamilloy, will re
quire 30% of the total airflow ccmpared with the Lamilloy cooling-air flow
rate requirement of 14% fer Concept 2, the short prechamber.

Internal stoichiometries for Concept ¢ are quite similar to the baseline com-
pustor, again a simplex pilot fuel flow has been neglected.

Fuel nozzle/swirler Primary zone
Takeoff 1.84 1.07
Ground idle 0.95 0.57
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A considerable degree of complexity in associated with the combustor in thisg
concept. This may well be in excess of the needs required for proper combus
tion of the types ot fuel:s bein_ consldered in this study.

2.1.7 GConcept 7--Variable Geometry Comdustor

This new decgign concept is slown in Figure 14. This concept is similar to tha
baseline design, but additional air is used in the prechamber to attain a lean
zone in this arvea for improved smoke control with the low hydrogen broad spe
cification fuels. The additional air is added by means of a radial inflow
swirler in the prechamber. Variable geometry on the dilution holes and radial
inflow swirlers is employed to accomplish primary zone airflow changes, there
by achlieving optimum performance over the complete combustcr operating range.
The variable geonitiy system provides a small amount of combustion zone air-
flow at low power and ignition conditions. At high power, a large combustion
zone airflow is employed to control smoke.

The variable geometry combustion air control can provide essentially optimum
pervformance at all operating conditions. However, the increased complexity of
this zoncepl is less attractive for engine application. It is very likely
that the program goals can be met with less complex combustors. The perfor-
marice potential of the variable geometry combustor concept is similar, but
superior, to the lean prechanber combustor concept previously discussed.

Allison has had 12 years of experience with various forms of variable geometiy
on autoumotive gas turbine engines where the variable geometry air staging was
used to control engine exhaust emissions. Additional experience has been
accumulated on aircraft gas turbine engine programs. A variable geomelry com-
bustor was rig tested on the NASA program Pollution Reduction Technology Pro-
gram, Turboprop Engine- -Phase 1 (Ref 10). Also an Allison Model 250-C20B gas
turbine engine (pradecessor to the Mudel 250-C30) was tested with a variable
geometry combustor ducing the Army AMRDL contract Low-Emissions Ccmbustor
Demonstration, 1976 (Ref 11). On tne engine used in this program the variable
geometry was two position for low- (starting/idle) and high-power (cruise/
takeoff) optimization. Actuation was pneumatic and was triggered by a speed
switch on the engine. The engine was successfully operated on a dynamometer
test stand from idle to takeoff power.

Internal stoichiometries for the variable -geometry coibustor employ an equi
valence ratio rauge of about 2.5 to 1. The simplex pilot fuel flow {(which has
been neglected) would further increase this equivalence ratio range.

Prechamber Primary zone
Takeof{ 0.713% - 2.04%% 0.68% -~ 1.48%x
Ground idle 0.39* - 1,09%* 0.36% - 0Q.80%*

*radial swirler in prechamter fully open
**radial swirler in prechamber fully closed

From these equivalence ratios, the prechamber can be maintained at near con
stant equivalence ratios of 1.0 for the prechamber and 0.80 for the primary
zone. Thus near optimum stoichinometry can be maintained at any tperating con
dition
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Tals concept o£dds control and mechanical complexity but does not compromise
the fuel system in any manner. Thus for the broad property fuels that will be
stuGied, this design should prove to be beneficial.

2.1.8 Concept B8--Stuged Fuel Combustor

This noaw designh corcept is shown in Figure 15, The concept employs discretely
fueisd prechamber and maln conbustion zones. The prechamber combustion zone
has low airfiow to achieve near-stolchiometric conditions at low power for
s00d low power and iganition performance. The main combustion zone has addi-
tional airflow to accomplish low- smoke operation at high power conditions.

The prechamber coumbustion zone emplonys airblast fuel injection with conven:
tional swirl and jet stabilization, accomplished with a short length arrange:
ment. The main combustion zone employs airblast fuel injection and swirl
stabilization in several swirl modules.

The ztaged combustor concept is very similar to the staged fuel cumbustor
developed and tested on the Allison/NASA program '"Pollution Reduction Tech-
nology Program, Turboprop Engine- -Phase I" (Ref 10).

This staged-fuel concept is a more refined version of the Concept 4-piloted
prechamber combustor. In this staged fuel design the prechambper and main com-
bustion chambetrs are separately designed and fueled with their own special
fuel systems. Tnerefore, the fuel distribution, complexity, and stability
problems discussed for the annular primary combustor (Concept 6) are ns much
ot even more of a problem with this design.

For proper operation (as was done in Concept 4) the main fuel nozzles operate
(flow fuel) only at engine conditions above flight idle or above engine fuel
rates of 45.36 kg/h (100 lb/hr). Therefore the main fuel nozzles (of which
there are six) wmust either be purged or cooled during periods when they are
not flowing fuel to avoid coking and fouling of the fuel sysitem. Small ori-
fice sizes and low flow rates for each nozzle would continue to be problem

dreas.

Performance and emission signatures for this combustor concept should be as
pood as or better than any other concept. Thne internal stoichiometries favor
this exrelient performance expectation, which has been proved in experimental
{ests cin other ctaged combustor systems. The expected equivalence ratios for
this combustor are given in the following (again neglecting a simplex pilot
fue) flow):

Prechamber Main primarcy zone
Takeoff 0.87 1.01
Ground Idle 2.41 0

The sophistication of this decign is probably not warranted for the change in
fuel properties and the improvements beyond the baseline combustor needed for
successful operation on the propcsed fuels. Ultra-low smcke or emissions are
certainly possible for this concept, but thuse are not the overriding priori-
ties for this program.
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2.2 CONCEPT EVALUATION AND SELECTION

The selection of the four combustor concepts for further detai'ed computer
analysis were made objectively on the basis of the merits of each of the eight
combustor concept candidates. Toward this end, a concept ranking system that
considered all of the combustor system factors deemed important to the success
of this fuel property effects program was devised.

Five major classification areas for evaluation of the combustor concepts were
determined: fuel system, performance, emissions, system effects, and develop-
ment. A total of 17 concept selection criteria were assembled under these
five classifications as shown in Table VI. The fuel system category was used
to assess the potentiai effects of broad-property fuels on the candidate com

. bustor concept. The performance category consisted of operational combustor
characteristics that may be influenced by changes in fuel properties. The
emissions category assessed the relative performance of each combustor concept
with regard to the exhaust pollutants that it may produce. The systems effect

Table VI.
Task I concept selection criteria for Model 250-C30 combustor system.

Classification Criteria Maximum score

Fuel system

Complexity 8
Fuel tolerance 8

Performance
Altitude/ground starting (r2light) 8
LBO :'tability 8
Idle efficiency 8
Exit temperature pattern 8

Emissions
Smouke 8
NOy 8
CO and UHC 4
- System effects

Liner durability 8
Liner complexity 4
Cost 8
. Weight 4
Controls 4
Reliability 8
Maintainability 8

Development
Time/cost .8
Total 120
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category encompassed those aspects of combustion design and operation from a
systers viewpoint for the combustor hardware itself and the interaction of the
combustor on the rest of the engine. Finally the development of the combustor
was included to aid in selecting the concepts from a cost and time effective
ness viewpoint with regard to what may dbe required to bring each concept to
full production for the Model 250-C30 engine.

Once the selection criteria were determined, it was clear that some criteria
were of more importance than others, so a simple numerical weighting system
was chosen as shown in the right columns in Table VI (labeled maximum score).
Since eight concepts were being evaluated, a maximum score of aight was
selected for the major selection criteria.

Minor or lesser important selection criteria were given a maximum score of
half value or four.

At this point in the selection process the preliminary designs of each of the
eight candidate combustor concepis were finalized to aid in better defining
the mechanical hardware (fuel nozzles, manifolds, actuators, cooling scheme,
etc) and the internal zonal aerodynamic distributions such as those presented
for the baseline combustor (e.g., Figures 6 and 7 and Table IV). Air and fuel
distributions were determinied for each combustor concept and the internal com-
bustion stoichiometries were computed for all steady-state operating condi-
tions. Zonal equivalence ratios for each combustocr concept at takezoff and
ground idle operating conditions for JP-4 fuel are presented in Table VIIL.
Airflows were adjusted to give satisfactory compromise operation at poth take-
off and idle. Again, except for Concept 4, these zonal equivalence ratios do
not include the beneficial effects of a simplex pilot, particularly in combin-
ation with an airblast injector. Such a combination acts tc increase the

Table VIIL.
Combustor zonal stoichiometries as equivalence ratios
JP-4 fuel.
1 2 3 4 5 6 7 8
Base Short Lean Pilot Rev Annul VG Staged
Takeoff
Prechamber 1.60 1.49 1.07 2.32*% 2.52% 1.84% 0.73-2.04 0.87
Recirculation/ 0.52 0.40 0.52 0.79 0.57 0.55 0.52 0.62
Center

Main primary 1.09 1.04 0.93 0.99 1.10 1.07 0.68-1.48 1.01

Ground idle

Prechamber 0.86 0.80 0.57 1.20% 1.36% 0.95% 0.39-1.09 2.41

Recirculation/ 0.28 0.22 0.28 1.23 0.31 0.29 0.28 1.72
Center

Main primary 0.58 0.56 0.50 0.0 0.59 0.57 0.36-0.80 0.0

*at swirler/fuel nozzle exit plane
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equivalence ratio in the recirculation/center zones, where needed, enhancing
the performance characteristics of each of the combustors. This is particu.
larly true with regsrd to starting, LBO stability, and idle efficiency. Pilot
fuel flow affects were conslidered when the final fout combustor concepts were
analyzed using STAC-I.

2.3 FINAL COMBUSTOR CONCEPTS

Each of the eight preliminary combustor concepts were primarily designed to
define air distcibutions, fuel placement, lcocal stoichiometries, and hardware
complexity. Each combustor concept was subdivided into several combustion
zones and then evaluated over the engine operating range to assess zonal
stoichiometries, noting any overly lean or rich conditions. Also a 1l7-category
concept selection criteria list encompassing five general areas of classifica-
tion was prepared to allow for the scoring of each combustor concept in a rel-
ative sense.

The rating/scoring system used for the combustor concepts was the “higher-is-
better” system where each concept was rated at each of the selection criteria.
Scoring was based on past experience, supportive test data, and the stoichio-
metric calculations resulting from the aerodynamic zonal analyses. Scores
were restricted to whole numbers and duplicate scores were allowed. The final
scores for each of the combustor concepts at each selection criterion are pre
sented in Table VI11. Individual scores appear in the upper portion of the
table, subtotals are shown for each classification categoury, and final per-
centages are given at the botom,

The scotes ranged from 73 to 96, which represents (1% 80% of the maximum pos-
sible. No combustor concept was outstanding in each of the five categories,
and when one concept excelled in a particular area, it asually was lacking in
other areas. lhus each combustor concept showed compromise iv its design,
which is reflected iv the narvow range of the total scores.

The final scoring and ranking of the eight combustor conuepts are summarized
in Table IX.

In the five classification ar=2as, some conclusions resulted that are not evi-
dent from the totzl scores or the rankings.

0 Fuel System--The baseline combustor utilizes a single dual-orifice pres-
sure atomizing fuel nozzle. Therefore, the annular primary (6) and the
staged fuel (8) concepts may be less tolerant to alternate fuel types.
Fuels which have iower thermal stability than .jet A will present problems
in these cowmbustor concepts because cf the longer residence time of the
fuel in the hot environment within the combuztor outer case.

o Performance- -1t is expezted that the lean prechamter (3) will fare worst
in this category, particularly in the arears of starting, LBO stability,
and idle performance. Those combustors exhibitiag superior overall per-
formance are the piloted prechtamber (4), variable geometry (7), and siaged
fuel (8). These rconcepts have the ability to optimize performance at both
low and high power independently. The other concepts must compromise their
low and high power pecfoirmance.
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Table VII1.
Final scoring of Task 1 combustor concepts.

Concept Number 1 2 3 4 5 6 7 8
Tuei systen

Comp lexity 8 ] [} ] 8 5 6 3

Tolerance 7 7 7 6 7 4 7 3
Performance

Altitude/ground

start [ H 4 8 S 4 7 8

L8O stabiiity 7 6 4 [} 5 3 8 8

Idle efficiency 4 A 2 7 4 3 7 ?

Exit pattern 4 H] [ 4 5 7 5 5
Emissions

Smoke 3 1) 5 6 7 b 6 6

NOK 5 5 7 6 6 7 8

CO and UHC 2 2 1 k] 3 4 3
System effect

Vurabtitty 5 7 8 7 7 7 6 6

Comp lexity 4 4 3 2 ] 2 2 1

Cost 7 6 6 5 7 4 5 4

Weight 3 4 3 3 3 3 2 2

Controis 4 ) 4 4 [ ) 3 2 3

Retiabiifty 6 7 ? 5 7 5 5 L]

Maintain 7 7 7 5 7 4 q 4
Deve lopment

Time/cost 8 7 7 [} 7 4 4 4
Fue! system Subtotal 15 15 15 n 15 9 13 6
Performa:ce Subtotal 21 20 15 27 19 " 27 28
Emissions Subtotal 10 12 13 16 16 15 17 17
System effect Subtotal 36 39 38 32 39 28 26 25
Deve lopmcnt Subtotal 8 7 7 4 7 4 4 4
Total score (max - 120) 90.0 93.0 68.0 90.0 96.0 73.0 87.0 80.0
Percent of max score 715.0 77.5 73.3 15.0 80.0 &60.8 72.5 68.7
Percent of baseline 100.0 103.3 97.8 100.0 106.7 8.1 96.7 68.9
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Table IX.
Final scoring and ranking of the eight
conmbustor concepts.

Combustor
Concept
Number 1 2 3 4 5 6 7 8
Name Base Short Leean Pilot Rev Annul VG Staged
Total Scores 90 93 88 90 9% 73 87 80
(120 max)
Ranking - 2 4 3 1 7 5 6
Final
Selection + + + + +

0o Emissions--All of the concepts are expected to produce lower exhaust emis-
sions than the baseline combr'stor due to the use of airblast atomization
fuel nozzles and to improved wall cooling, which requires less total air
and will consequently quench less of the unoxidized compounds along the
walls. As was the case in the performance category, concepts 4, 7, and 8§
should excel in the emissions category since these concepts will not need
to compromise their opevation between low and high power conditions.

o System Effect--The criteria in this category all give preference to those
concepts that are simple and straightforward in design. Combustors 2, 3,
and 5 each are expected to perform as a system as well as, if not better
than, the baseline combustor. Combustors 4, 6, 7, and 8 are more complex
in design and as a consequence their overall system ranking with respect
to duratility, simplicity, low weight, reliability, and maintainability is
not as high as those of the other combustors.

© Developuent--With an eye on the relatively near term, the simpler combustor
designs, deviating less from current experience, are the more desirable de-
signs for this program. The more complex designs will require more devel-
opment time and cost.

It is, therefore, recommended that the annular primsry (6) and the staged fuel
v8) combustor concepts be dropped frcm further consideration in this program
due to their substantially increased complexity and expected reduced tolerance
to broad-property fuels. The other concepts have a sufficiently high expecta
tion of success that the higher levels of advanced technology inherent in
these two designs are not warranted.

Also, the lean prechamber design (3) should ke combined with the variahle
geometry air staged (7) concept as the high power or lean setting on the vari-
able geometry combustor resulted in very nearly the same configuration.




The reverse-flow design (5) has demonstrated excellent performance in Allison
Model 501-K industrial engines and indicated a high potential for this study.
Because of the reverse-flow aerodynamics, this concept could not be analyzed

with the computer model and was dropped from further analysis.

Thus, the four concepts evaluated for fuel tolerance with the computer model
are shown in Table X.

Table X.

Concepts evaluated for fuel tolerance with the
computer model.

Concept
Rumber Classjification Concept Name/Description
1 Baseline Production Model 250-C30
2 Baseline mod Short prechamber
4 Baseline mod Piloted prechamber
7 Advanced design Variable geometry air addition
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T1I. COMPUTER ANALYSIS MODEL--STAC-1

3.1 GENERAL FORMULATION

STAC-I is a quasi-2-D model essentially composed of streamtubes (zones) of
flowing air, unburned spray, and combustion products surrounding a central re-
circulating zone (CTRZ), shown in Figure 16. The number of external stream-
tubes (zones) may vary from one (the simplest case) to five or more. The size
of the CTRZ is determined by COSMIC, Allison's existing, axisymmetric gas phase
elliptic flow code. The amount of mass recirculating (recirculated combustion
products, air from the primary jets and/or airblast injectors, and fuel) within
the CTRZ is computed internally within STAC-I. Essentially, this is accom-
plished by performing an energy balance on the amount of mass leaving the CTRZ
and that with which it mixes in the external streamtubes.

Mass enters the CTRZ near its downstream boundary from the primary jet air and
from recirculated combustion gases from each streamtube. Fuel and additional
air (when present) enter from the upstream injector boundary. Fuel entry into
the CTRZ is usually determined by specifying that the ratio of fuel/fresh air
within the CTRZ is stoichiometric. The proportion of primary jet air entering
the CTRZ is not allowed to exceed more than 1/3 of that entering the liner
(based on comparisons with 3-D analysis). Additional mass requirements are
supplied by the recirculated combustion products. This latter amount of mass
can be substantial and the resulting equivalence ratio within the CTRZ is
normally not stoichiometric. The volume, and hence residence time of the mass
within the CTRZ, is computed, and a chemically kinetic limited, uniform CTRZ
temperature is determined. This high-t:omperature recirculated mass exits from
the upstream portion of the CIRZ and mixes with the air and fuel flowing in the
adjacent streamtubes. An energy balance on those computational cells into
which the CTRZ mass flows must result in mixed gas/fuel unreacted temperatures
sufficient to sustain ignition. This is required to avoid having a cold, non-
reacting solution propagate throughout the flow field when a combustion solu-
tion is desired. The subsequent reacted gas temperatures in each streamtube
are determined by fuel vaporization and chemical kinetics, and if a nonreacting
solution results, the program reestimates predicted higher mixed gas/fuel un-
reacted temperatures, which in turn increases the amount of mass recirculated.
In effect, the CTRZ acts as an ignition source for the surrounding streamtube
flow, and on a quasi-2-D basis the CTRZ appears to well represent the actual
physical processes occurring within the combustor.

The proportion of air from axial and/or radial swirlers to each of the sur-
rounding streamtubes is determined by COSMIC, while the proportion of the fuel
spray to each streamtube is determined through radial patternation of the fuel
nozzle. Cooling air (shown as zone 3 in Figure 16) can be assigned its own
streamtube. Conversely, if detailed spray patternation is not available, the
flow field is usually described by one external streamtube and the model con-
siders the flow to be swirling about the radius of gyration of the flow field.
The proportion of air and fuel initially assigned to each streamtube remains
invariant. Mixing between streamtubes is not allowed, rather the area assigned
to each streamtube varies in proportion to the gas phase evolution (continuity
requirements) within the streamtube. External mixing of the recirculating
combustion products from each streamtube to and from the CTRZ and of tne pri-
mary, dilution, and trim air jets to the streamtubes is, of course, allowed.
Recirculating combustion products are withdrawn from the streamtubes in a re-
gion just prior to entry of the primary air jet. The air jets' penetration
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and mixing rates were equated to expressions describing the centerline temper-
ature "decay"” rate of the jets (Ref 12) and have been subsequently modified
through comparisons with 3-D aerodynamic analyses. Provision tor jet colli-
sions has been incorporated. Film-cooling air in the single-streamtube mode
is mixed into the streamtube by input specification, usually linear in nature.

The spray and gas phase conservation equations in the streamtubes are fuliy
coupled, and while the model treats radial swirlers (in the single-streamtube
mode), jet mixing, and film cooling in a semi-analytical/empirical manner, the
physical and chemical aspects of the reacting flow are treated in great de-
tail. The model includes real fuel and combustion gas properties, effects of
injector type on atomization and drop-size distributions, detailed droplet
dynamics, and multistep chemical kinetics,

As the mcdel is quasi-2-D, a marching technique is employed to describe the
droplet drag, heaiing, vaporization, and subsequent chemically kinetic con-
trolled combustion yielding the gas phase combustion products. Since the pro-
perties of the recirculated combustion products to a large extent determine
the properties of the CTRZ gas (which in turn establish the initial mixed gas
conditions within the streamtubes), an iterative marching analysis from the
injector to the primary jet plane is employed until the computed temperature
of the CTRZ converges tc within 0.09°C (0.05°F). After this convergence has
occurred the remainder of the combustor is analyzed.

The model has broad application to both can and annular combustions; the
streamtubes are circumferentially uniform but may taks any shape as only an
area specificatinon is required to solve the axial spray and gas phase con-
servaticn equations. An approximation is necessary only when droplet aud gas
phase angular momentum and radial pressure gradient are computed in a sector
portion of an annular combustor. To eliminate the 3-D profile of the swirl
velocities, an equivalent hydraulic diameter of the sector is used (o compute
swirl moment arms in the angular momentum equations. This does not alter that
portion of the program that computes jet penetrations based on sector height
and axial flow field considerations.

3.1.1 Real Fuel Properties

Currently, properties of eight different fuels have been assembled, curve
fitted, and coded. These include hoth the liquid and vapor transport and
thermodynamic properties of fuels ranging in characterization from JP-4 to
DF-2 and ERBS 11.8. Specific properties correlated to temperature (Appendix
A) include the following:

0 liquid droplet
0 «olal mass
o density
specific heat
enthalpy {including enthalpy of fcrmation}
vapor pressure
heat of vaporization
themal conductivity
absolute and kinematic viscosity
surface tension

[T » 2NN » B o B o N o B o]
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o droplel vapor

0 molal maus
specific heat
enthalpy (including enthalpy of formation)
thermal conductivity
entropy (including entropy of formation)
absolute viscosity

O 00 0O

3.1. Combustion Gas and Droplet Film Properties

Ins

The detailed droplet dynamics model developed for use in STAC-1 requires
knowledge of the mixed droplet vapor and combustion gas propert.es at the
droplet film temperature. This temperature is computed from the addit!on of
2/3 of the droplet temperature and 1/3 of the combustion gas temperature and
has been found to best correlate experimental data obtained under convective
conditions (Ref 13). The film mixture properties are obtained by combining
drop vapor and combustion gas properties at the filw temperature using the 1/3
rule of Sparrow and Gregg (Ref 13). Using this rule, the film fuel and com-
bustion gas mole fractions are determined in a manner similar to the one used
to determine film temperature. Fiim thermodynamic properties can then be
directly computed; however, the computation of the film t.-ansport properties
(viscosity, thermal conductivity, and the multicomponent diffusion ccefficient
fer the fuel vapor) is considerably more complicated (RKef 14). Specific com-
bustion gas and mixed film properties computed as a function of temperature
and pressure include the following:

o combustion gas
o gpecific heat, composition
0 molal wmass
o thermal conductivity
o absolute viscosity
o droplet film
o composition of film mixture
molal mass
density
specific heat
thermal conductivity
atsolute viscosity
vapor multicompunent diffusion coefficient

00000

3.1.3 Eifects of Injector Type on Spray Formation

The model uses the transport and thermodynamic properties of the liquid fuel
combined with detailed geowmetric descriptions of simplex, dual orifice, various
types of airblast injectors, and empirical correlations (Ref 5) to predict the
injected Sauter mean Jdiameters (SMD) of each spray cone. Eacn fuel spray cone
is further characterized by a 10-drop group initial drop-size distcibution
about the SMD. The spray drop-size distribution utilized is that of Rossin-
Rammler.

3.1.4 Improved Droplet Dynamivs and Chemiial Kipetics Submodels

The improved droplet drag, heating, and vapcorization submodel is based on work
originally performad for the Space Shuttle Mair Engine development (Ref 15).
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The subiodel has been updated to include multicomponent hydrocarbon fuel com
position and uses drag coetficients, at the lower Reynolds numbers (« 200),
more vepresentative of the flow field within gas turbines (Ref 1¢};. The suhb-
model employs ihe real fuel properties desgsuribed earlier and recognizes that
when a liquid spray is injected into hot combusting gases, the initial rate of
evaporation is low and mos: of the energy transferred to the drop from its
surroundings is used in heating up the drop. As the liquid tewmperature rises,
the vapocr concentraticn at the drop's surface increases and a larger propor-
tion of the heat transferred to the drcp is used to supply the latent heat of
vaporization., Eventually the drop may attain its wet-bulb temperalure, and
from then on the rate of evapsration remains nearly constant at its maximum
value.

These effects are well illustrated in Figure 17, which presents ITAC-1 predic-
tions of Jet-A spray droplet diameter and temperature variatiors with axial
length. The resulting flow field in these computations is representative of
that within a Model 250-C30 baseline configuration combustor opecating at the
maximum power condition. The predicted injected spray distribution simulates
a dual orifice pressurized atomizer injector having both a pilot and main noz-
zle flow. The injected spray for both nozzle flows was characterirzed by a
10-drop group initial drop size distribution about the SMD of each flow, ar
previously described. Selected values of drop diameter and temperatures for
both the pilot and main spray flows are shown in the figure. The values are
representative of the smallest (1), mean (4), and largest (10) initial drop
group size for each spray. The mean value {(4) depicted has nesrly the same
diameter as the injected SMD. Despite the length of the Model 250-C30 the
largest droplet not completely vaporized at the combustor exit plane is 33
microns in diameter. However, because this droplet represents (337201)3 of
1/1C of the injected main spray mass flow, only 0.35% of the total flowing
spray mass has not been evaporated. Nevertheless, predictions such as these
can aid designers in the selection of injector types and indicate the combustor
size required for complete combustion.

The entire set of cotiservation equations for the spray field, and the coupled
gas phase conservation equations of masc and axial and angular momentum, were
solved using an optimal solution =2lgorithm for these hydrodynamic equations,
all of which are interrelated by weakly linked source terms. The remaining
species and enthalpy conservation equations must then te solved, point by
point, for simultaneous determination of all the local ithermochemical varia-
bles, species mass fractions, and temperature (T). However, the species and
enthalpy (thermochemical) equations have strongly linked, nonlinear source
terms, particularly under fuel-rich conditions, and form a set of highly "stiff
differential equations.™ The salution of these equatiuns requires an optimal
algerithm different from that used in solving the hydrodynamic equations.
Convargence problems were first encountered in attempting to attain a correct
Acrrhenius type solution that yielded accurate and consistent values of tthe
species mass fractions when the oxygen concentration was near zero (fuel rich).
This problem was resolved by using an updated version of CREK (Ref 17) to solve
the thermochemical conservation equations.

The new field values of species mass fractions, temperature, znd mass density,
obtained from the aquation of state, are then used to rcdetermine the hydrody-
namic solutions. This superiteration bLetween hydrodynamic and thecrmo-chemical
fields is repeated until pointwice (at each node) cunvergence on temperature
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is achieved. The chemical sour<e term in each species conservation equation

{s calculated in this procedure at the mean local temperature. The optimal
algorithm for the thermochemical equations (with strongly linked, nonlinear
source terms) and the optimal algorithm for the hydrodynamic equations (with
waakly linked scurce terms) combine to provide a rapidly cenverging code when
CREX's new asymptotic estimate apptroach is used. CREK is one of four available
codes capable of both accurately predicting the resulting species and reaching
a converged solution under high temperature, fuel rich exothermic conditions

(Ref 18).

A version of CREK, employing a single-global decompcsition mechanism of the
fuel to Hy and €O and full kinetlcs thereafter, was successfully developed

and incorporated into STAC-1. The code soives for 15 species using L7 step
chemistry as illustrated in Table XI. Jet A isx used in the example but any of
the other hydrocarbon fuels (with appropriate Xinetic rate adjustments) could
be reprasented similarly.

Table XI.
Cremical kinetic mechanism,
1 Jet A + 02 ey G0 + H2
2 co + OH BN ¢l ¢ + H
3 CO2 + M a0 + 0 + M
4 H + OH --———-a}{z + 0
5 HZO + M e —0H H + M
o H + HO2 se——p0H + 0311
? ol + H2 —e H20
8 H + 0 + M ~——30H + M
9 OH 3 0 ——3H + 0?
10 H + 02 + M ———3HO ¥ |
PA
11 OH + “H -—-—~--»HZO + 0
a2 CH + N =B H + NO
; . SO
13 H + N20 —5CH 1 Nz
14 N + NO ——3l,, 4
15 N + 0. e =ty WO + 0
“
16 N20 + G e NO * NO
17 Nzc + M _u__+N2 + 0 + M
Chemical species--15
Jet A <o C,'Oz H Hz HZO H()2 N
NO nwz N}_ N2 0 0 OH 02
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The resulting gas phase flow-field temperature and combustion efficlency (cor-
responding to the conditions specified for the results previously shown in
Figure 17) as a function of axial combustor length as predicted by STAC-1 are
illustrated in Figure 18,

The emission indices (E1) for NOy, CO, and UHC as & function of axial com-
bustor length at the maximum power condition are presented in Figure 19. Nor-
mally, the values of the overall comburtion efficiency and emission indices
are stated at the exit plane of the combustor where the combustion reaction
has either gone to completion or hes been quenched. Combustion efficiency and
emission indices, presented as a function of combustor length in Figures 18
and 19, are of interest only in that they show how these respective parameters
vary as functions of the degree of reaction within the combustor along its
icngth, The values of the ccmbustion efficlency and emission indices at the
combustor exit are those that represent the actual efficiency produced by and
emissions exiting from the combustor.

The Jet A performance efficiency and emissions were checked against 250-C30
baseline engine data at maximum power and ground idle operating conditions and
showed good correlation. Comparisons are listed in Table XII.

Table XI1.
Jet A performance at max power and ground idle Model 250-C30 baseline
configuvetion,
Measured Predicted
Max power
UHC---EX 0.2 0.26
CO--El 7 4.99
MO, --EI 9 13.3
Efficiency--% 99+ 99.8
Ground idle
UHC--EI 100-150 70.2
CO--El 100-150 100.3
MO, - -EI 1 0.88
Efficiencv--% 91 90.6

These comparisons were considered sufficient to verify the use of the detailed
droplet Zynamics and CREK chemistry submodels in STAC-1. The comparisons were
also sufficient to verify STAC-1's overall use as an initial design code.

Both the axial variation of the combustor residence times of representative
Jet A spray droplets and the total and gas phase equivalence ratjos at the
maximum power condition are presented in Figure 20. The residence time for
Lthe mean injected diameter of the main nozzle flow droplets is nesrly three
miliiseconds, while that of the largest droplet is nearly seven milliseconds.
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Figure 1B. Gas phase temperature and overall combustion ef’iciency
variation with axial length--STAC-1 prediction for flow field conditions
of Figure 17.
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Figure 19. Emission index for NO,, CO, and UHC, variation with axial
length- -STAC-1 predictions for flow field conditions of Figure 17.

The total equivalence ratio includes the liquid spray, while the gas phase
equivalence ratio is based solely on the vaporized (and partially or com-
pletely reacted) spray. It is interesting to mote that the gas phase equi-
valence ratio is nearly stoichiometric at the plane of the primary jets. This
is an indication that the 250-C30 design has evolved into a very stable and
high performance combustor at the maximum power operating condition. The
equivalence ratio of the central recirculating zone (CTRZ) is also nearly
stoichometric and the temperature within it is 2154°C (3909°F). This high
temperature is due to a portion of the spray nozzle flows being injected into
the CTRZ and indicates good combustion stability, lean-blowout, and ignition
characteristics.

Representative Jet A spray droplet and combustion gas axial and tangential
(swirl) velocity variations with combustor length ares presented in Figure 21.
The pilot flow, by design, produces small droplets by employing a high pres-
sure drop across the tip of the simplex pilot nozzle. This results in high
initial velocities for the pilot spray, usually exceeding the combustion gas
velocity. Because the pilot spray droplets are so small, they rapidly ap-
proach the gas velocity as they vaporize. One to two micron droplets follow
the gas flow field exactly, but after attaining that size they vaporize within
less than 0.127 em (0.05 in.). The main nozzle spray droplets (from this dual
orifice injector) are injected at velocities closer to the initial gas velozi-
ty; but because of their larger size and decreased velocity relative to the
gas flow, the drag force has a smaller effect on these droplets. The axial
velocity of the largest droplet (10) of the main spray flow is nearly unaf-
fected by the gas flow field until the droplet has sufficiently vaporized so
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its remaining mass (Figure 17) is quite small. At this point, 25.4 cm (10
in.) down the combustor, the drag force (which is also increasing due to in-
creased axial gas velccity) now has an appreciable effect on the droplets'
trajectory.

As power is decreased, the injected velocity Aifference between the pilot and
main nozzle fuel spray fiows is increased. For exampie, at ground idle the
pilot nozzle spray has a velocity of neariy 46/meter/sec (150 ft/sec), while
that of the main nozzle spray is only 4.6 meter/sec (15 ft/sec). These re-
sults are for dual orifice injectors. When hybrid sirblast injectors (air-
blast with simplex pilot) are used, which is the case for the three remaining
candidate combusters, the diflerence between the injected velocities of the
pilet nozzle and the main filming nozzle fuel spray flow is larger at nearly
all operating conditions. This is due to the fact that Lhe film velocity from
the main nozzle ranges from about 2 to 30 m/sec (6 to 100 Ift/sec) depending on
ths power level and combustor type. Small dreplets in the fuel film are
rapidly accelorated by the sirblast air velocity. However, partizularly at
iower power levels, a smaller pilot nozzle spray druplet often travels further
downstream Defore being totally vaporized than a larger, slower moving main
nozzle spray droplet. Propei interpretation of graphical results requires the
consideration of the large difference in the pilot and main nozzle injected
droplet velocities, This phenomenon also occurs when dual orifice injectors
dre used. Graphical presentations for Jet A and DF-2 in Appendix B, similar
tn those in Figures 17, 13, 19, and 20, raflect this phencmenon.

3.2 APPLICATION OF THE COMPUTER ANALYSIS (STAC-I) TO THE FOUR FINAL COMBUSTOR
CONCEPTS

Each of the four final combustor candidates was analyzed using STAC-1. The
analysis was performed for the takeoff, cruise, air taxi, descent, and ground
idle conditions listed in Table 1. These pewer conditions were sufficient to
represent the entire operating cycle of the Model 2%0-C30 combustor. The re-
acting flow fields within each of the four combustors, resulting from the
combustion of five different fuels--Jet A, ERBS 12.8, ERBS 12.3, ERRS 11.8,
and DF-2--were predicted by STAG-I for gach of the different power levels.
Overall airflow rates (Table I) to the individual combustors at similar power
settings remained unchanged. Fuel flow rates were varied by the ratio of the
lower heating value of each fuel to that of JP-4 sc that, when used in an en-
gine, power output would remain unchanged. Fuel injection temperature for the
250-C30 combustor also remains nearly unchanged, 121°C (250°F), with power
level. This fuel injection temperature was assumed to apply for all fuels at
all operating conditions, regardless of combustor concept.

Burner inlet pressures and temperatures at each power level also retained
their values as presented in Table I. 1In addition to the use of different
fuels, the major changes in the analysis occurred due to consideration of the
different geometries and the airflow management (around the liner) of each of
the four individual combustors. 1In total, more than 100 separate caces were
analyzed using STAC-1, as some of the initiai model checlkout analyses were
performed using JP-4 and JP-5 fuels.




3.2.1 Computation of the Size of the Central Recircutation Zone

Additionally, Allison's 2-D axisymmetric elliptic flow code, COSMIC, was used
to obtain the size ot the CTRZ. For the baseline (dual-orifice injector) case.
COSMIC was employed to determine the size of the CTRZ at each of the five power
levels being considered. (A sample case for the maximun power condition is
presented in Figure 91 in Appendix B.) COSMIC uses a weighted average of
single- step chemistry and a Lwo-equation (k-¢ type) turbulent mixing exprec
sion to determine both the rate at which fuel is consum2d and the resulting,
reacting flow field within the combustor. Because of COSMIC's axial symmetric
nature, the effect of primary, dilution, and trim jets on the flow field cannot
be analyzed (as these are threc-dimensional effects). Further, the fuel within
COSMIC is assumed to enter in a premixed, prevaporized state, so the model is
insensitive to fuel type. Nevertheless, COSMIC's use to approximate the size
of the CTRZ is sufficient for the analysis being considered. The size of the
CTRZ is less important than the amount of mass within it, and this latter term
is computed internally within STAC-1 as previously described.

Application of the COSMIC code to analyze the recirculating flow fields within
the three airblast-injected combustors resulted in little change in size of
the individual combustors CTRZs over their entire operating power range. Con-
sequently, for these combustors, the size of their CTRZ at maximum power, as
shown in Figures 92, 93, and 94, raspectively, in Appendix B, was used to rep-
resent th2ir CTRZ size at all power levels. The CTRZ size differs, of course,
for each individual <ombustor. The CRTZ size used in the variable geometry
combustor concept represents an exception to this application of COSM1C. The
descent and ground idle operating conditions employed variable geometry set-
tings that resulted in full closure of the radial swirler. The flow field at
these conditions is similar to that within the short prechamber combustor.
Consequently the short prechamber CTRZ size was used to represent the veclume
nf the CTRZ within the variable geometry combustor at low power levels.

3.2.2 Combustor Geometric Conditions-Liner Airflow Management Effects

The different operating characteristics of each combustor is best illustrated
by descriving the air masg management (flow distribution) around each of the
liners similar to that presented in Figure 6 for the baseline configuration.
These air mass distributions were input directly to STAC-1, along with the in-
dividual geometries of each combustor. Total fuel flow rates for each fuel at
the differeni operating conditions were determined by employing the ratio of
the lower heating value of the fuel to that of JP-4 and multiplying by the JP-4
total fuel flow rate listed in Table 1. Both the dual orifice and (hybrid)
airblast injectors employ a simplex pilot nozzle. The geometry and operating
characteristics of this pilot nozzle remained invariant for all of the combus-
tor configurations. Flow rates to, and tip delta pressure across, the simplex
pilot were taken to be the same as that calculated for the taseline configura
tion at each of the various power levels for each of the fuels. This was done
to aid proper ignition characteristics and lean-blowout operation at and below
the idle power condition (the Model 250-C30 baseline configuration has excel-
lent combustion stability) of each of the combustor candidates and to eliminate
additional, unnecessary variability among the combustors when comparing results
from the STAC-I analyses. The geometric conditions of interest and the airflow
management around the liner (in percent of total air mass flow) of each combus
tor candidate are presented in Table XI1II1. Where possible, geometric conditions
were kept as similar as possible to facilitate comparisons among the combustors.
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Table XII1.

Combustor geometric conditions and liner airflow management (% of total

Parameter

HUB1D- - in.
HUBOD- -in.
ASLHUB- - in,
ASLTI1P- - in.
SWLAAS- - deg,
PCID-  in.
RRS-- in.
SWLARS- - deg
DSLHUB-- in.
DSLTIP--in.
SWLADS-- deg
DIJETP--in.
WDOTAS--%
WDOTAF--%
WDOTRS- - %
WDOTDS- - %
WDOTFC (1)--%
WDOTFC (2)~-%
WDOTNL- - %
WDOTSL---%
WDOTFC (3)--%
WDOTPJ--%
WDOTFC (4)~ %
WDOTSJ- -%
WDOTDJ- -%

air mass flow).

Combustor
Short Piloted Variable

Baseline prechamber prechamber geometry
0.945 0.945 0.945 0.945
1.173 1.173 1.173 1.173
1.550 1.550 1.550 1.550
2.872 2.872 2.282 2.872

70 76 .45 70 78.315
2.936 2.936 2.282 2.936

- - -~ - 1.468

- - - 55

- - 3.0 - ..

-- - 3.438 --

- - 70 ..

5.68 5.68 5.68 5.68
13.74 8.39 6.0 5.38
0.29 5.64 5,93 5.64

- - - 0*.-20*)0:,
- - 5.74 .

4,38 - - - -

11.64 -~ - -

- 3.57 3.57 3.57

-- 10.42 10.42 10.42
4.96 - - -

9.98 16.97 9.98 9.98
11.71 11.71 11.71 11.71
37.79 37.79 A41.14 27.79%%_ 47, 79%
5.51 5.51 5.51 5.51

*Radial swirler fully closed
**Radial swirler fully open

HUBID
HUBOD

ASLHUB

ASLTIFP

SWLAAS

PC1D
RRS

Hudb internal diameter, houses the fuel injector--in.

Hud outer diameter, forms the inner portion of the external
streamtube flow--in.

Inlet axial swirler inner diameter or hub--differs from the
HUBOD due to metal thickness--in.

Inlet axial swirler tip diameter, differs from the pre
chamber internal diameter due to metal thickness--assumed
same as PCID for piloted prechamber-- in.

Inlet axial swirler swirl &ngle as measured from the cen-
terline of the combustor--deg

Prechamber internal diameter sur-ounding axial swirler- in.
Radius of radial swirler entrance--half of prechamber in
ternal diameter--in.




SWLARS
DSLHUB
DSLTIP
SWLADS
DIJETP
WDOTAS
WDOTAF
WDOTRS
WDOTDS
WDOTFC
WDOTFC

WDDTNL

WDOTSL

WDOTFC

WDOTPJ

WDOTFC

WDOTSJ

WDOTDJ

(1)

(2)

(3)

(4)

How

M

Table XI11. (cont)

Radial swirler swirl angle as measured from a diametric
line through the prechamber centerline--deg

Downstresm axial swirler hub inner diameter--in,

Downstream axial swirler tip outer diameter--in,

Downstream axial swirler swirl angle as measured from the
centerline of the combustor---deg

Internal diameter of the combustor liner at the plane of
the primary jet--in.

Percentage of total airflow through the inlet axial swirler
Percentage of total airflow through the fuel injector
Percentage of total airflow through the radial swirler
(variable geometry concept only)

Percentage of total airflow through the downstream axial
swirler (piloted prechamber conzept only)

Percentage of total airflow through the first film cooling
slot (baseline concept only)

Percentage of total airflow through the second film cooling
slot (baseline concept only)

Percentage of total airflow “hrough the Lamilioy forming
the normal walls of the combustor liner inner diameter
sudden expansion from the prechamber diameter (all concepts
except baseline)

Percentage of total airflow through the Lamilloy forming
the side walls of the combustor liner following the sudden
expansion (all concepts except baseline)

Percentage of total airflow through the third film cooling
slot (baseline councept cnly)

Percentage of total airflow through the primary jet holes
(all concepts)

Percentage of total airflow through the fourth film cooling
slot (Though denoted fourth, this is the only film cooling
slot on the modified and/or advanced combuastor concepts.
The number designation is for generalized usage in STAC-1,
all concepts)

Percentage of total airflow through the secondary jet
holes, all concepts. (Secondary usage here is equivalent
to the more common designation of dilution jet holes.)
Percentage of total airflow through the dilution jet holes,
all concepts. (Dilution usage here is equivalent to the
more common dosignation of trim jet holes.)




That portion of the combustor housing the fuel spray injector (dual orifice or
hybrid airblast) is denoted as the hub. An axial air swirler surrounds the
hub, the outside of which forms the initial diameter of the prechamber. The
hudb inner dimension (HUB1D), which contains the fuel spray injector, and the
hud outer dimension (HUBCD), which forms the inner portion of the externsl
streamtube flow, were held constant for all of the combustor configurations.
The prechamber initial diameter differed only for combustor concept No. 4--the
piloted prechamber. Similacly, the dimensions of the main filming nozzle of
the airblast injectors were held constant for all combustor cuncepts. The
cone angles for the pilot and main nozzle spray flows of the baseline, short
prechamber and variable geometry combustor concepts are both 90 deg, while
those of the piloted prachamber are 60 deg and 110 dep, respectively. The
cone angle of the pilnied prechamber’'s airblast start nozzle, which was used
in place of its main nozzle at idle conditions, is also 60 deg.

The Sauter mean diameter (SMD) for the pilot spray fuel flow for each com-
bustor concept is identical when compared at each operating condition. The
SMD differs for fuel type but is the same for each fuel. SMDs for the main
nozzle fuel flow differ with combustor concept even though the airblast in-
jector main nozzle dimensions are identical. Because of the air management
around each liner, dirferent amounts of air pass through that portion of the
airblast nozzle that atomizes the fuel film. Despite having identical burner
inlet pressures, the air management around the liner affects the liner annulus
pressure, and, hence, the available pressure difference through the airblast
injector. Lower pressure differentials produce lower air velocities which, in
an airblast injector, have a detrimetital effect on the quality of the spray
produced.

3.2.3 Summary--STAC-I Combustor Analysis

Summaries of the predicted results from STAC-I, which determined the flow
field within the individual combustors for each fuel type undergoin, reaction
at the various operating conditions, are presented in Tables XIV, XV, XVI, and
XV1I. The results presented in these tables clearly indicate that for these
combustor concepts most of the predicted effects of using broad-property fuels
such as ERBS 12.8, 12.3, and 11.8 are effectively bracketed at each operating
condition by the results obtained when Jet A and DF-2 are considered to be the
turbine combustor fuei. The major exception to this statement is the level of
NO, emission of the ERBS fuels as compared with those from DF-2. Under some
operating conditions within the various combustor concepts the NO, emission
levels from DF-2 exceeds that from the ERBS fuels and at times even that from
Jet A. This is primarily a result of the time-temperature history of the DF-Z
droplets as thev travel through the combustor and are exposed to the hot com-
bustion gases. A comparison of Figures 107 .v 109 and 110 to 112 illustrates
this phenomenoun.

Because of these and other effects, the predicted Jet A and DF- 2 maximum power
and ground idle flow fields within =2ach combustor concept are graph.cally de
picted in Figures 95 through 124, and 131 through 148 in Appendix B. These
figures show droplet diameter and temperature, overall and gas phase equiva
lence ratio, gas temperature, percent combustion efficiency, and emission
indices, as a function of combustor length. These graphic presentations are
useful in understanding the results presented in Tables XIV through XVII and
in the Analytical Results and Comparisons section.
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Table XVI!.

Summary STAC-1 variable geometry combustor predicted results.
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Appendix B also contains the Jet A and DF-2 graphical presentations for the
variable geometry combustor concept descent operating condition, Figures 125
through 130. As indicated in Table XV11, this; duscent cverating condition was
analyzed assuming the radial swirler to be fully closed. This assumption
resulted in 8 considerable increase in the predicted prechamber and primary
zone stolichiometry (equivalence ratio) and in the gas temperature in these
reglions, producing an excessive amount of NO, emission. This operating con
dition should have been analyzed with an intermediate variable geometry set-
ting producing more favorable equivalence ratios and lower NOy, emissions

than were predicted. Unfortunately, this anomaly was not detected until the
final report was in prograss and, thus, this data point is not representative
of the true flexibility of the variable geometry combustor concept. Neverthe
less, this anomaly does indicate the ability of STAC-1 to pradict both favora-
ble and unfavorable variable geometry positional settings as a function of
power level for this combustor concept.

The figures showing the piloted prechamber concept, 137 through 148 presented
in Appendix B, are also useful in understanding the predicted results (Table
XVI and Section IV) from this combustor. Spray from the piloted prechamber's
main filming fuel nozzle is unique in that it is deposited on the initial por-
tion of the prechamber walls, refilms, and is then subsequently reatomized by
the high velocity air exiting from the downstream axial air swirler. Heatling
and vaporization of this spray flow is not considered prior to the wall re-
filming process. Drag forces on this spray are considered, however, to allow
proper predictisn of the trajectory of the droplets, the film velocity, and
the subsequent reatomization process.

Axial locations of the important characteristics of each combustor concept are
also depicted in Figures 95 through 148 in Appendix B.

Finally, the results presented in Tables X1V through XV1I clearly indicate
that any deteriorated performance characteristic of the ERBS fuels and DF-2Z,
as compared with Jet A, are primarily due to the physical properties of the
fuels as they affect atomization. This is particularly true for the baseline
combustor. The maximum power operating conditions were recomputed for each
combustor concept ard each fuel type using the same SMDs as those predicted
for Jet A. The deteriorated baseline combustor performance of the ERBS fuels
and DF-2, Table X1V, was restored to nearly the level attained when Jet A was
used as the fuel. The thermodynamic properties of the fuels, therefore, have
little effect on performaunce; however, the physical properties, viscosity,
surface tension, and liquid density, as they affect the atomization process,
also determine the level of performance.

As expected, those combustors that employ airblast atomization are less sensi.

tive to the properties of alternate fuel type, and performance deterioration
can be nearly negligible (Tables XV through Xv1l).
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IV. ANALYTICAL RESULTS AND COMPARL1SON

Graphical presentations of the summaries of STAC-1 predicted results for the
flow fields of each combustor, as listed in Tables XIV through XVIl, are used
in this section to evaluate the relative merit regarding fuel type tolerance
of each combustor concept. This is accomplished through the use of cross
plotting to determine the relationships of the pilot and main SMD, combustion
efficiency, and emission indices to power level and fuel type for each com-
bustor concept. The relationships of these same parameters to power level and
combustor concept for each fuel type is then determined and these latter rela-
tionships are a direct indication of the sensitivity (or tclerance) of each
combustor concept to the fuel type undergoing reaction within it. Cowbined
with considerations of such items as ignition limits, lean-blowout stability,

- smoke, combustor durabllity, and pattern factor an analytically determined
ranking of the combusto~ candidates with regard to fuel type tolerance is pos-
sible.

. 4.1 BASELINE COMBUSTOR

The baseline combustor depicted in Figure 5 was determined to have the follow-
ing zonal stcichiometries (as equivalence ratios), Table VILl:

Takeoff
Prechamber ¢ = 1.60
Main primary ¢ = 1.09

Grouad idle
Prechamber ¢ = 0.86
Main primary ¢ = 0.58

The assumptions employed in the analysis (rerformed in Section II) would as-
sociate the prechamber equivaience ratio with the overall fuel spray avail-
able, while the main primary zone equivalence ratio would be considered to be
that of the reacted portion of the spray. This latter term is also denoted as
the gas phase equivalence ratio. These equivalence ratios may be directly
compared with those computed by STAC-I. The assumptions employed in the anal-
ysis of Section II produce little difference in predicted equivalence ratios
for JP-4 or Jet A fuels. STAC-1 computed takeoff and ground idle equivalence
ratios for Jet A fuel usage in the baseline combustor are presented in Figures
9¢ and 101 in Appendix B.

Takeof f--STAC-1
Prechamber exit overall ¢ = 1.77

Main primary jet plane gas phase ¢ = 1.07
Ground idle--STAC-I

Prechamber exit overall ¢ = 0.82

Main primary jet plane gas phase ¢ = 0.53

The takeoff and ground idle equivalence ratios computed by the two methods ex-
hibit excellent agreement. The flow computations from STAC-I are more detailed
and exact than the simplistic assumptions used in Section 11I. Nevertheless,
the agreement is sufficient to validate the approach used in Section 1I to
accomplish the initial ranking of the combustors.
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The relationships ot the pilot and main nozzle fuel spray SMDs to combustor
power level and fuel type are presented in Figures 22 and 23. These spray
nozzles are simplex (combined to form a dual orifice) and are quite sensitive
to fuel properties. The SMDs decrease with power level (higher nozzle AP)

and with use of fuels liaving low viscosity and surface tension. SMDs for the
ERBS fuels are hracketed by those for Jet A and DF-2 fuele. S8ince increased
combustion efficiency and decreascd unburned hydrocarbon (UHC) and carbon mon-
oxide (CO) emissions are usually inversely proportional to the SMD, the re
sults presented in Figures 24, 25, and 26 4re, with one exception, those ex:
pected. The single exception is the ground idle power level CO emissions
level for the ERBS and DF-z fuels. Normally CO emissions continue te increase
with decreasing power level in the same manner as the unburned hydrocarben
emissions. Figures 104, 105, and 106 (Appendix B) indicate that the gas phase
reaction within the baseline combustor flow field at the ground idle power
level ceases in the latter third of the cowbustor. This is normally the loca-
tion during which CO is formed due to added oxygen from the dilution jets, but
not further oxidized to CO; becuuse of the luw gus tamperatures at these de-
creased power levels. The ground idle power level for the ERBS and Dr-2 fuels
appears to be an extreme case where tlie temperature in the final third of the
cembustor is so low that the reaction of the fuel to form CO is nearly unonex-
istent. The lack of increase of the corbustion efficiency in this region,
while a significant quantity of spray still remains, corfirms this observation.
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Figure 22. Pilot nozzle Sauter mean diameter as a functien of power level
and fuel type- baseline combustor.
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The emission levels of NO, as a8 function of power level and fuel type are
presented in Figure 27. NO, emissions for tle baseline combustor increase
both with power level and with the use of fuels that atomize to smaller SMDs
producing more rapid vaporization and higher gas temperatures.

4.2 SHORT PRECHAMBER COMBUSTOR

The short prechamber combustor, Figure 8, was determined, similar to the hase-
line combustor, to have the following zonal equivalence ratios, Table V1I1:

Takeoff
Prechamber ¢ = 1.4%
Main primary ¢ 1.04

3

Ground idle
Prechamber ¢ = 0,80
Main primary ¢ 0.56

Again, these equivalence ratios may be directly compared with those tomputed
by STAC-I in Figures 108 and 114 (Appendix B).

Takeoff—-STAC-I
Prechamber exi* overall ¢ = 1.42
Main primary jet plane ras phase ¢ = 0.93
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Figure 27. Nitric oxid. emission as a function of power level and
fuel type--baseline combustor.




Ground idle--STAC-I

Prechamber exit overall ¢ = 0.62
Main primacy jet plane gas phase ¢ = 0.48

The agreament between the methods is, azain, very satisfactory. The lower
ground idle prechamber enit overali ¢ predicted by STAC-1 is due to consid-
erable recirculation of primary jet air and combustor products into the pre-
chamber. This resulted in an equivalence ratio of 0.675 for the CTRZ (that of
the CTRZ for the baseline combustor at ground idle was 0.964). However, this
region within the short prechamber is well stabilized due to the overall in-
creased gas temperature resulting from the use of an airblast injector, as
compared with the gas temperature at ground idle for the baseline combustor,

Figure 102 (Appendix B).

The relationship of the pilot nozzle fuel spray SMD to combustor power level
and fuel type as presented in Figure 28 is the same as for the baseline com-
bustor. Indeed this is true of the piloted prechamber and variable geometry
combustors as well and will not be the subject of further discussion. The re-
lationship of the main nozzle fuel spray SMDs, as shown in Figure 29, to power
ievel and fuel type reflects the use of an airblast injector. These drop
sizes, though exhibiting the same trend with fuel physical properties as the
dual orifice injector, are less sensitive to fuel type and are also less than
or.e-half the size of those droplets produced by the baseline dual orifice main
nozzle injector. The SMDs decrease with power level reflecting the beneficial
effect of increased air density and enhanced momentum exchange between the
fuel film and airblast injector airflow.
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Figure 28. Pilot nozzle %auter mean diarmct2r as a function of power
level and fuel type- -short viechamber combustor.

72




5 Fyel types
DJet A
1501 OERBS—12.8
+ERBS—12.3
OERBS—11.8
12851 ADF-2

100 -

Sauter mean diameter main secondary—microns

25
1 | | | |
00 20 40 60 80 100
% power

TEB4-1860

Figure 29. Main nozzle Sauter mean diameter as a function of power
level and fuel type- -short prechamber combustor.

The combustion efficiency and UHC and CO emission levels presented in Figures
30-32 follow the expected trend. The combustion efficiency is increased for
all fuel types. The NOy emission index presented in Figure 33 exhibits a
reversal in fuel property effect at the higher power levels. DF-2 produces a
very slight increase in the quuntity of NO, emitted compared with that pro-
duced by Jet A fuel usage. Figures 107 through 112 (Appendix B) indicate that
this reflects a slightly increased DF-2 combustion gas temperature in the post
primary zone due to the presence of DF-2 spray in this region.

4.3 PILOTED PRECHAMBER COMBUSTOR

The piloted prechamber combustor, shown in Figure 10, was determined, similur
to the baseline combustor, to have the following zonal equivalence ratios,
Table VII:

Takeoff
Prechamber ¢
Main primary

I
N

.32 (swirler/fuel nozzle-exit plane)
= 0.99

©
i

Ground idle

Prechamber ¢ = 1.20 (swirler/fuel nozzle exit plane)
Main Primary ¢ = 0

*Starter primary ¢ = 1.23

*Corresponds to absence of main nozzle fuel spray- called recirculation/
center zone in Table VIL.
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Figure 32. Carbon monoxide emission as a function of power level and
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Figure 33. Nitric oxide emission as a function of power level and
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Again, these equivalence ratios may be directly comparad with those computed
by STAC-1 in Figures 138 and 144 (Appendix B).

Takeof f--STAC-1
Prechamber swirler/fuel nozzle exit plane overall ¢ = 2.5%
Main primary jet plane gas phase ¢ = 0.9]

Ground idle--STAC-1
Prechamber swirler/fuel nozzle exit plane overall ¢ = 0.8
Starter primary/jet plane gas phase ¢ = 0,46

The agreement between the methods at the takeoff power level is quite satis-
factory. The lower ground idle prechamber swirler/fuel nozzle exit plane
overall ¢ predicted by STAC-1 is due to considerable pilot and starter noz-
zle fuel spray injection into the CTRZ and to considerable recirculation of
primary jet air and combustion products into the CTRZ and, hence, the pre-
chamber. This resulted in an equivalence ratio of 0.685 for the CTRZ. This
region within the piloted prechamter, however, is well stabilized for the sane
reason as is this region within the short prechamter combustor. The starter
primary zone equivalence ratio, as calculated by the technigue used in Section
II, based the equivalence ratic on only the Air within the central region.

The value computed by STAC-I includes the downstream swirler air as this air
would rapidly mix with the prechamber flow. An equivalent STAC-1 computation
would take the total avaiiable spray flow at the axial location just prior to
entran:e of the downstream axial swirler air and divide this valuw (0.63 from
Figure 144) by the ratio of the prechamber airflow to that including the down
strear axial swirler flow (11.93/17.67 from Table XI1l); the resulting equiva-
lenice ratio is then 0.93. This value is in better agreement with but still
lower than the 1.23 calculated from Section I1. The difference is due to con-
siderable recirculation into and from the CTRZ.

The pilot nozzle SMD is shown as a function of power level and fuel type in
Figuce 34. The relationship of the main nnzzle fuel spray SMDs, as presented
in Figure 35, to power level and fuel type again reflects the use of airblast
injection. The trends are the same as those for the short prechamber, bui the
SMDs are considerably smaller, except at the idle power level, due to second:
ary reatomization of the wmaln spray flow.

The combustion eificiency, unburned hydrocarbon, and carbon monoxide emission
levels in Figures 36 through 38 follow the expected trend. The piloted pre
chamber is slightly more sensitive to fuel type at the ground idle condition
because the starter flow does not reatomi.c and the addition of the downstream
swirler air trends to reduce the combustion gas temperature. This increases
the UHC and CO emissions while decreasing the combustion efficiency. The ef-
fect is more evident for the ERBS and DF-2 fucls. The NO, emission index,
depicted in Fipure 39, follows the nurmal trend of increasing with increasing
power level {i.e., increased gas temperature within the combustor). DF-2 fuel
usage produces slightly more NO, emission than the ERBS fuels due to in-
creased spray reaction in the post primary zone.
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Figure 39. Nitric oxide emission as a function of power level
and fuel type--piloted combustor,




4.4 VARIABLE GEOMETRY COMBUSTOR

The variable geometry combustor, Figure 14, was determined to have the follow-
ing zonal equivalence ratios, Table VII:

Takeoff
Prechamber § 0.73
Main primary ¢ = 0.68

Ground idle
Prechamber ¢
Main primary ¢

I
-

.09
0.80

These equivalence ratios may be directly compared with those computed by STAC-1
in Figures 120 and 132 (Appendix B).

Takeoff--STAC-I
Prechamber exit overall ¢ = 0.82

Main primary jet plane gas phase ¢ = 0.65
Ground idle--STAC-1

Prechamber exit overall ¢ = 0.875

Main primary jet plane gas phase ¢ = 0.60

The agreement between the methods at the takeoff power level is excellent. The
STAC-1 predicted equivalence ratios at ground idle are somewhat lower than
those calculated using the method of Section II. This again reflects consid-
erable recirculation into and from the CTRZ; the resulting equivalence ratio

in the CTRZ at ground idle is 0.82.

Pilot nozzle SMD as a function of power level and fuel type is shown in Figure
40. The relationship of the main nozzle fuel spray SMDs, as presented in
Figure 41, to power level and fuel type reflects both the use of airblast in-
jection and the beneficial effects of variable geometry. Closure of the
radial swirler with decreasing power levels permits a nearly constant primary
zone temperature to be achieved at all operating conditions. The available
combustor front end delta pressure at low power results in excellent airblast
atomization of the fuel film. This produced the lowest SMD at that power
level among the combustors analyzed.

The combustion efficiency, unburned hydrocarbon, carbon monoxide, and nitric
oxide emissions, Figures 42 through 45, follow the expected trends. The very
low level of emissions and high combustion efficiency reflects the use of var-
iable geometry. The descent power level predictions have been eliminated in
these figuress because they represented an anomaly in the prediction set. This
particular power level should have been analyzed at an intermediate variable
geometry setting, rather than with a fully closed radial swirler inlet.

4.5 PARAMETER RELATIONSHIP TO POWER LEVEL AND COMBUSTOR CONCEPT FOR EACH FUEL
TYPE

The relationship of the pilot and main nozzle SMDs, comoustion efficiency, and

uaburned hydrocarbcn, carbon monoxide, and nitric oxide ~mission quantities to
power level and combustor concept for each fuel type is a direct indication of
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Figure 40. Pilot nozzle Sauter mean diameter as a function of power level
and fuel type--variable geometry combustor.

1154
Eyel types
1501 --Jet A
--ERBS--12.9
-~ERBS--12.3

g-ms--n .8
--DF-2

-

~

[
¥

Ssuter mean diameter main secondary--microns
8
T

1 ol T
=Erme I
T e

sor ———-s—p
25

0 L ] ] A !

0 20 40 60 en M0

% power
Tegs-1872

Figure 41. Main nozzle Sauter mean diameter as a function of power level
and fuel type-  variable geomet:y combustor.
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Figure 42. Combustion efficiency as a function of power level
and fuel type--variable geometry combustor.
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Figure 43. Unburned hydrocarbon emission as a function of power level
and fuel type--variable geometry combustor.
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Figure 44,

Figure 45.
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the sensitivity (or tolerance) of each combustor concept to the fuel type
undergoing reaction within it. The predicted effects of the broad-property
fuels, ERBS 12.8, 12.3, and 11.8, have been shown ‘‘0 be effectively bracketed
at sach operating condition by the predicted results obtained when Jet A and
DF-2 are considered to be the turbine combustor fuel. Consequently, the re-
lationships of the parameters discussed to power level and combustor concept
are presented for each fuel type in the fuel order Jet A, ERBS 12.8, ERBS
12.3, ERBS 11.8, and DF-2.

4.5.1 Pilot Nowzzle Fuel Spray SMD

Pilot nozzle fuel spray variatiouns with fuel type and power level are pre-
rented in Figures 46 through 50. Pilot nozzle fuel spray SMD is not a func-
tion of combustar concept because the geometry aad pilot fuel fliow through the
simplex tip of the pilot nozzle was fixed for each fuel. This ensures the
same pilot fuel flow rate (of each fuel) to each combustor at similar operat-
ing conditions. The resulting pilot nozzle fuel spray SMD, however, decreases
with increased pcwer level (larger delta pressure across the simplex tip) and
increases with increasing fuel viscosity and surface tension. The SMDs for
the ERBS fuels are nearly the same but are considerably larger than those for
Jet A at similar operating conditions. DF-2 pilot fuel SMDs are the largest
at all operating conditions.
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Figure 46. Pilot nczzle Sauter mean diameter as a function cf power level
and combustor type--Jet A fuel.
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Figure 47,

Figure 48.
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Pilot nozzle Sauter mean diameter as a function of power level
and combustor type- -ERBS 12.3 fuel.
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Figure 49. Pilot nozzle Sauter mean diameter as a function of power level
and combustor type--ERBS 11.8 fuel.
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Figure 50. Pilot nozzle Sauter mean diameter as a function of power level
and combustor type- -DF-2 fuel.
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4.5.2 Main Nozzle Fuel Spray SMD

Main nozzle fuel spray SMD variations with power level, fuel type, and com-
bustor concept are presented in Figures 51 through 55. Although the main noz-
zle geometry was identical for all of tie airhlast injected combustors, SMD
variation with combustor concept at similar operating conditions occurs due tlo
Gifferences in air management around the individual liner. This results in
differences in the available delta pressure across the airblast fuel nozzle
{and hence different airblast -air velocities) and produces different SMDs for
each of the airblast injected combustor concepts. The main nozzle SMD trend
with power level is similar for all fuels. At all but the ground idle condi-
tion the smallest SMD was obtained using the piloted prechamber combustor (be-
cause of secondary reatomization) followed in order by the short prechamber,
variable geometry, and baseline combustor. The large difference between the
baseline combustor produced SMDs and those from the other combustor concepts
reflect the change from dual orifice to airblast fuel injection. Further, the
drop size variation between fuels was minimized using airtlast injection con-
cepts. At ground idle all of the airblast injected combustor concepts pro-
duced approximately the same SMD for each fuel. This drop size was approxi-
mately one half that produced by the dual orifice injector of the baseline
combustor.

4.5.3 Combustion Efficiency

Combustion efficiency variations with power level, fuel type, and combustor
concept are presented in Figures 56 through 60. The combustion efficiency at
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Figure 51. Main nozzle Sauter mean diameter as a function of power level
and combustor typr--Jet A fuel.
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Figure 52. Main nozzle Sauter mean diameter as a function of power level
and combustor type--ERBS 12.8 fuel.
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Figure 53. Main nozzle Sauter mean diameter as a function of power level
and combustor type- -ERBS 12.3 fuel.
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Figure 57. Combustion efficiency as a function of powrr ljevel
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90

» AV T W —— ) S



[ I — .
o,
o

Ll] o
by Lombus tor A
Lo e -
€ gpf --Baseline f
= -=3hort prechamber /
o --Piloted prechamber ¢
o £ ~-variable geometry /
L /
|
-]
P
[
=
g 824~
“w

801~

8k i 1 — d ]

0 20 40 60 a0 100

¥ power
TEB4-1809

Figure 58. Combustion efficiency as a function of power level
and combustor type--ERBS 12.23 fuel.
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and combustor type- -ERBS 11.8 fuel.




IOOI" ‘ A= * - g ——
A'J"'"":,'L\"‘d,"“{ —— ey T
e
¢
v
Lombustor

o
t
2 9 g-~~ausenm
& +--5Short prechomber
i +--Piloted prechamber
- ~=Variable geometry
e 9af-
:5
QD‘
4
g Q2
W
0

[]
BL—-—-»J- l ‘l | }
¢ 20 40 80 80 100
X power
T{84-1891

Figure 60. Combustion efficiency as a function of power level
and combusior type--DF-2 fuel.

power ievel)s above ground idle is essentizlly independent of combustor concept
for those combustors with airblast injection. The usage of broad property
fuels, such s the ERBS fueis, and more viscous fuels, such as DF-2, require
airblast injection concepis to achieve acceptable performunce efficiency even
at increased rower levels. Predicted ground idle combustion efficiency for
the alirblast-injiected cumiustor concepts is increased, regardless of fuel
type, when the variable geometry combustor concepl is employed. The lowest
combustion efficiency at this operating condition occurs when the piloted pre-
chamber concept is used as the combuster. The ground idle combustion effi-
ciency of the short prechamber concept fzlls between that of the variable
geometev and piloted prechamber combustors. 1In actuality, the variable geom-
etry combustor, with optimum radial swirler inlet adjustment for each fuel,
would have the highest combustion efficiency throughout the power range. No
attenmpt was made to znalyze optimum radial swirler adjustments; however, the
resu'lts presented in Figures 120 and 132 in Appendix B for fully open or
closed radial swirler settings, respectively, indicate the capacity for this
combustor to maintain ¢ nearly censtant »nrimary zone temperature. The short
prechamber and piloted prechanber combustors both have higher primary zone
temperatures at takeoff and lower primary zone temperatures at ground idle as
indicated in Figures 108, 114, 138, and 144 of Appendix B.

§.5%.4 Unburned Hvdrocarbon and Carbon Monoxide Emissions

An incresase in engine power setting reduces the emission of unburned hydro

carbons, partly by improved fuel atomization, but msinly through the effects
of higher inlet air pressure and temperature that together enhance chemical
reaction rates in the primary combustion zene. Cacbon monoxide is produced
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mainly in the primary zone of a gas turbine combustor. If this zone is fuel
rich, large amounts of CO will be forired due to lack of the oxygen needed to
complete the reaction to CO,. If the priwary zone equivalence ratio is
stoichiometric or moderately fuel- lean significant amounts of CO will be pre
sent due to the dissociation of CO;. The resulting oxidation of this CO tc¢
CO, depends on the subsequent time-temperature history of the CO molecule
witnin the combustor. The reaction of CO to CO, is one of nonequilibrium

and is strongly dependent on chemical kinetics. Additional CO can be formed
in downstream regions of the combustor at lower powetr levels if fuel vapor is
present and reacting to form CO but further oxidation of the CO to CO;, is
impsaded by low gas temperatures. In general, the emissions of UHC and CO par-
2llel one another. Any factor that raises the level of CO emissions will tend
to reise UHC emissions. Conversely, any combustor/nozzle modifications car-
ried out for the reduction of CO will usually reduce the UHC emicssion also.

Tne variation of there emissions with power level, fuel type, and combustor
concept is presented in Figures 61 through 70. The trends described are
clearly evident. IUnburned hydrocarbon emissions are nearly eliminated througn
the use of airblast injection concepts. Some minor levels of UHC emissions
exist at the ground idle power level when ERBS (all 3 types) and DF 2 are ucged
as the combustor fuel. Again, the difference between combustor concepts is
nearly negligible but the variable geometry concept appears tc be the most
optimum combustor type followed by the short prechamber and piloted prechamber
concepts.,

Carbon monoxide emission at the lower power levels is somewhat more sensitive
to fuel type. ERBS and DF-2 produce considerably more CC than Jet A when uced
as the combustor fuel. The ground idie level of CO emissions for the baseline
combustor is an extreme case where the combustion efficiency has fallen so low
that little CO is even produced. Again, airblast fuel injection is required
to lower the CO eimission to an acceptable level. Combustor concept is more
important for CO cmission control at the lower power levels than it was for
UHC emissions. The ranking of the combustors with regard to CO emission con-
trol is . he same as that for UHC emission control. This clearly reflects the
time-temperature history of the CO produced within the different combustors as
indicated in Figures 117, 118, 135, 136, 147, and 148 in Appendix B.

4.5.5 Mitric Oxide Emission

Both NO and N,0 are included in the term "nitric oxide emission.” Oxides of
nitrogen are produced by the oxidation of atmospheric nitrogen in high- temper-
ature regions of the combustor. 1In contrast to CO and UHC emissions NO arises
only in the hot regions of the combustor, and NO levels are highest at full
power conditions. Only thermal NO is coasidered in this report and such NO
formation is found to peak on the fuel-lean side of stoichiometric. This re
sults as a consequence of the competition between fuel and nitrogen for the
available oxygen. At equivalence ratios at or slightly above stoichiometric
the combustor temperature is at a maximum, but the available oxygen is then
all consumed preferencially by the fuel. Conversely, at equivalence ratios
below about 0.8, the reduc*ion in temperature is sufficient to override the
effect of increasing free oxygen concentration, and NO levels begin to fall.

The optimum combustor would be one that achieves high combustion efficiency
throughout its power range without producing the high primary zone
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Figure 62. Unburned hydrocarbon emissicn as a function of

power level and combustor type -ERBS 12.8 fuel
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Figure 63. Unburned hydrocarbon emission as a function of power level
and combustor type -ERBS 12.3 fuel.
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Figure 4. Unburned hydvocarbon emicsion as a funciion of
power level and combustor typce -ERES 11 8 fuel.
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Figure 65. Unburned hydrocarbon emission as a function of power level
and cowmbustor type--DF-2 fuel,

Combustor
--Baseline
--Short prechamber

150 — --Piloted prechamber
--Variable geometry

100 - 3—

50 \\

0 emission--g/kg fuel
/’}Z/ 1

0-—tiiiéiu=-_-gL— —ad .-
0 20 40 60 80 100
% power

TEB4-1897

Figure 66. Carbhon monoxide emission as a function of
power level and combustor type -Jet A fuel.
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Figurc 67. Carbon monoxide emission as a function of power level
and combustor type--EEBS 12.38 fuel.
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Figure 68. Carbon monoxide emission as a function of
power level and combustor type- ERBS 12.3 fuel.
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Figure 70. Carbon monoxide emission as a function of
power level and combustor type DF-2 fuel.
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temperatures that result in large gquantities of NO formation. Once formed the
dissociation of NO back to N, and 0; is strongly temperature dependent; the
rate of dissociation becomes virtually nonexistent as the temperature falls due
to the quencling mechanism of the dilution jets.

The variation of NO emissions with power level, fuel type, and combustor con-
cept are presented in Figures 71 through 75. The trend described previously
is evident. Nitric oxide emissions are not necessavily reduced through the
use of airblast injection, although such injection techniques can produce more
uniform mixing and reduced overall flame temperatures. The quantity of NO
formed and emitted is clearly more sensitive to power level and combustor con-
cept than to fuel type. The amount of NO foried is dependent on the time
temperature history within the combustor as indicated in Figures 111, 112,
123, 124, 141, and 142 in Appendix B. In this respect the variabl. geometry
combustor exhibits optimum control of the primary zone temperature and pro-
duces the least NO. The short prechamber and piloted prechamber combustors
both produce about 3 to 4 times the amount of NO as compared with that pro-
duced by the variable geometry combustor. Maximum levels of NO emission cor-
respond to about 200 ppm. The low NO emission of the baseline combustor when
ERBS and DF-2 are used as fuels reflects poor combustion efficiency, not
favorable NO control.
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Figure 71. WNitric oxide emission as a function of power level
and combustor type--Jet A fuel.
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Figure 72. Nitric oxide emission as a function of
power level and ~ombustor type--ERBS 12.8 fuel.
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Nitric oxide emission as a function of power level
and combustor type ERBS 12.3 fuel.
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Figure 74. Nitric oxide emission as a funcltion of
power level and combustor type--ERBS 11.8 fuel.
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Figure 75. Nitric oxide emission as a function of power level
and combustor type- -D7-2 fuel.

101




4.6 SPECIFIC FUEL EFFECTS AS RELATED TO COMBUSTOR CONCEPT AND OPERATING
CONDIT1ON

Tre relationships of the pilot and main SMD, combustion efficiency, and emis-
sion indices (except that of smuke) to power level and combustor courcept for
each fuel type have heen determined. These relationships, even though they
reflect the tolerance of each combustor concept to the fuel type undergoing
reaction within it, are not completely sufficient to permit an analytically
determined ranking of the combustor candidates. Other specific fuel effecte
such as flash point, freezing point, thermal stability. lean-blowout stability,
ignition limite, combustor durability, smoke, and pattern factor must also te
considered. Some of these affects will be reliated to the combustor concept
while others are physical or thermodynamic chacacterictices of the {uel iLype.

4.6.1 T..ysical gnd Thermodynamic Fuel Characteristics

e e e e e =

Flash Point

The flash point temperature of the five fuels considered in this report a.e
tabulated in Table XXILI of Appendix A. As expected, the f{lash point tempera-
ture for the ERBS blends decreases with increasing aromatic content. The flash
point temperatures of Jet A and ERBS 12.8 are identical, ERBS 12.3 is 7°C
(13°F) lower, and ERBS 11.8 is 12°C (22°F) lower than Jet A or ERBE 12.8. How-
ever, this decrease in flash point temperature, as exhibited by the ERBS
blends, is not significantly different to indicate that the fire risks associ-
ated with the ERBS blends constitute an unknown, unacceptable hazard. Indeed,
as discussed in Appendix A and Ref 19, it is "peculiar that one of the specifi
cation limits (flash point) which obviously influences [fuel] availability has
so little relevancy in the real world.”

Freezing Point

The freeze point temperatures of the ERBS blends are significantly higher than
the freeze point temperature of Jet A (Table XXIII, Appendix A). As discussed
in Appendix A and Ref 19, the freezing characteristics of the ERBS blends pro-
posed by NASA (those presented in this report) represent extreme cases and
could create a severe effect on the whole system of fuel handling.

Thermal Stability

The thermal stability of the five fuels considered in this point are also
tabulated in Table XXI11 of Appendix A. ¥uel thermal stability, as explained
in Appendix A, is represented by the JFTOT (ASTM D-3241) procedure. If the
fuel is unstable, deposits will form on a heated [260°C (500°F)]) tube over
which the fuel is pumped. The fuel then flows through a test filter and is
returned to its reservoir. Any particulates formed will lead to an increase
in pressure drop across the filter. The amount of deposit on the tube can be
rated by using a tube deposit rater (TDR) that operates on a light reflectance
principle. A set standard is used as a criterion for passing the standard
JFTOT test. In addition to the requirement on deposits, the AP value across
the filter must not exceed 25 torr during the 2-1/2 hr test. By operating at
temperatures other than 260°C (500°F), the temperature at which a fuel just
fails either of the tests regarding tube deposit amount or filter AP may be
determined. This tewperature is referred to as the "breakpoint temperature”
and is used to compare the thermal stability of fuels.
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One of the more surprirzing tesultrs of tuls investligation was the disrcovery
that the ERBS blends exhibited ronsiderable thermal stability when subjected
to the JFTOT porucadare. Table XXIII indicates that the ERBS 12.8 and 12.3
blends actuully exhibited more thermal stabllity thun thal of Jet &, while
ERRS 1.8 i only o)ighi'y leas stable, vequicing a maximum fuel cooling of
9°C (16°F) to achieve similar thermal stabllity ac Jet A.

In any event the fuel noz-le configurations of the final combustor concepts
snalyzed in this report would not involve thermal stability consideraticns.
The fuel is iarely hected bayond 121°C to 149°C (250°F to 3CO°F) prior to
actual injection into thne combugtor Auring any operating condition,

4.5.2 Lean-Biowout Stablility

The peor mixing characteristics of Lypical pressure-swirl atomizers, such as
that used in the baseline combustor, while creating potential perfornance
problems at low power or on aiternate fuels, have the advantage of allowing
combust.ion to occur at air/fuel ratios well below the normal weak -extinution
limit. ILean-blowout limits in excess of 1000 air/fuel retio, bssed on cveral:
combustor values of air and fuel flow rates, used to be commonnplace {(Ref 9),
Poor atumizatior from typical pressure-swirl atomizers helped widen lean-dlot-
out ilimite by producing locaily fuel rich-rich zones in which the equivalence
ratlo was considerably above lear-blowout limits. However, the continuing
trend toward improved fuel/eir rixing prior to combustion (e.3., airblasc
atomizers and/or prechambers) to reduce the emission levels of NO, and smoke
has led to a norrowing of stebility limits and to increasing concern over the
attainment of satisfactory lean-blowout performance.

In the design of a gas turbine combustor, steps must be taken to ensure that
combustion can be sustained over the entire range cf engine operating condi-
tions, including the transient states of rapid acveleration and deceleration.
The stability performance of a combustor is ususlly expressed in the form of a
stability plot thet separates the regions of stable and unstable combustion.
The usual plet has equivalence ratio, or fuel/air ratio, as the ordinate, and
a8 loading parameter, such as alir mass flow through the combuster, as the
abecissa. The stability performance of an aircraft combustor is obtained by
carrying out a geries of flame extinction tasts st constant, predetermined
levels of air temperature and pressure. With the fucl flowing and the mixture
ignited, the fuel flow is gradually reduced until flame extinction occurs.
This set of conditions is known as & weak-extinction point.

Weak-extinction conditions can be fowad at airflows, pressures, and tempera-
tures corresponding to various power levels, but those of most interest in-
clude ground-idle and altitude-start conditions. In genevsl, the stabiliiy
limits are, or can be, cxtended by the following (see Ref 5 and 9):

a reduction in the combustor-stream velocity (air mass flow rate)
an increase in the inlet temperature

an increase in the gas inlet pressure

a reduction in the turbulence intensity

any change in the equivalence ratio toward unity

an increase in the fuel volatility

finer atomization, i.e., reduction of the mean drop size

the mode of fuel injection

design of the primary zone

]

O 0 0QC 0000
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For homogeneous fuel/air mixtures flame blowout occurs when the rate of hest

liberation in the primary zone beromes insufficlent to heat the incoming fresn
wixtire up Lo the regqulced reaction remperaiure. With hetercgeneous mixtures,
howaver, an 3dditional factor is the time raquired for fuel evaporation. For
fuel gprays of low volatiitity and large mear drop size thiz time is velatively
iong and s, often, the main fector limiting the overall rate of heat release.

For homogeneous mixtures it hes bean shivewn that the Lleav-blowgut (LEQ, fuelsalye
ratlo (f/a) depends on the inlet air velocity, pressure, and tamparature nf the
vombustion zone (Kef 9, as shown in the following:

. [ x
£/ at lean blowout “E " -
for homogensous mixture l“ g exp(T3/h)

PZ 3
wher?

m, = the ajc mass flow rate within the combustor
sz = Yelume correspunditie te the primary cowvbustion zone
n . ‘
P% = dvidel gl pressuse calsed to awponent
T3 = inlet air temperature
b, ¥ = constants determined by experimental data

If ali of the fuel is not fully vaporized, then cleavly the “effective" fuel/
air ra-io wiil be lower tlhen the nvminal value. Hosever, if the fraction of
fuel that is vaporiied is m.own, or can bte caiculated, it can then be combined
with the previous equation to yvield the fuel/uiv ratio at lesn bluwout as ful-
lows:

£/a at LB with _ f/a at LBO with g,
heterogeneous mixture = homagenesus mixture 1

where f¢ 1s the fraction vt fuel that is vaporized within the primary com-
bustor zone. Alternate tuels with ceduced fuel fluidity and volatility can
cause ar increase in the fuel flow (hence f/a ratio) required tco stabilize the
flame within the combustor at any given operating condition.

Followiug Lefebvre (Ref 9), fy can be related to the factors governing the
rate of evaporation of a fuel sprav, as fullows:

£ 2fg 'pz tett
= »
f fpziy D02
where
Pg = the gas density .
Neff = the effective evaporation constant, D3/te
Dy = the spray SMD
fpyz = the fraction of the total combustor air employed in primary-zone
combustion
te = the total time required to vaporize the fuel droplet
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Substituting the relationship for f¢ into the equation for

fra LBO!heterogenefrsv employing the equation of state to eliminate the

gas density, «% follows:
. (1l+x) 2
f/a at LBO with o fpz o _ Vo
haterogeneous (1+x) {14nx) SN P LHV)
mixture -va F3 exp (xrs'b off

wheon the lowelr Mesting vaive (LdV) of the fuel has also been incorporated.
This terw arises from the assumption thav for any given operating conditions
the lean-blowout temperature is the same fot all hydrocarbon fuel/air mix-
tures; this implies that fuels with a high gravimetric heat content should be
capable of burning down to weaker fuel/air ratios than fuels having a lower
heat content. Available experimental data do not allow the values of n and x
to be deternined with any degree of accuracy. It can bhe deduced that the ex-
ponents of Vpy 3nd ﬁA should be the vame and that the pressure exponent
should be somewhat higher by an amount depending on the effective teaction
order. What experimental data exist regarding the lean-blowout fuel/aiv cvatin
suggest that the pressure exponent is about 30% lacrger than that of the air
mass flow rate and, fvrther, the temperature dependence corresponds to the
following relationship:

f/a at LBC o [e‘q- - (T3/300)]
[

Thvs, the simplest form in which the lean-blowcut fuel/air ratin can he ex-
pressed thay is consistent with experiwmental data is the following:

£/a at LBC h'*fp" W Do2 )
with - ”L]* . = A g 0
heterogeneous Vez ] F3™ “exp (T43/300) X erf * LHY
nixturs

vhere C' is & constint whose value depends on the geometry and mixing char-
acteristics of the combustion zone and is ususlly determined experimentally.

The first term on the right side of the equation is a functlon of combustoar
design. The second term represents the combustor operating conditions, and
the third term embodies the relevant fuel-dependent properties. 12 practice,
as the ratin of primary-zone volume to prediiution volume tends to be fairly
constant, the coubustor predilution voliume, V., is often substituted for

Vez. If the operating conditions, P3, T3, and My, are determineé by

the surrounding environment, then the lean-blowout fuel/air ratio of a given
fuel rciative to that of Jet A may be determined, for each combustor, by the
fcllowing equaticn:

_— . i/aiBosuel X _ __PR° _ _ E{ jet &
TTLBOY T €/a LBO Yet A T 2 A LHR_ (£, ) * (LHR )
I r Fuel X ¥
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where

RFA(1po) = the relative lean-blowout fuel/air ratio c:i fuel x at P;, Ty,
and Wy compared with that of Jet A at the same conditions.

Dgr = the Sauter mean diameter of the fuel relative to that of Jet A
LHR. = the lower heating value of the fuel relative to that of Jet &
A = D& * (tyep A/t )

r c Jet A/lfuel

t = the total time required to evaporate the fuel droplet

Thus, the relative fuel/air ratio at the lean blowiut limit can be determined
as follows:

n

A _ D _f Jet A . tfuel

(LBO) * LHR f * LHR t *x
)\r r fFuel X T Jet A

RF
LHRr

and either the fraction of the fuel vaporized within the primary zone or the
SMD total =vaporation (residence) time may be obtained from STAC-I at Pj,
T3, and \‘ILA.

¥urther, if the combustors are generically related as those in this study,
then at Py, T3, and tmy the ratio C'/Vpy may be considered, as a first
approximation, to be a cunstant. This permits the relative fuel/air ratio at
lean-blowout of one combustor to be directly compared with that of another
combustor, providing the entering temperature, pressure, and airflow rates
through the combustors are identical.

f t t
RFA(LBO) Combustor 1 i le . fuel1 . Jet A2

Combuster 2 f t t
PZ2 fuel2 Jet Al

RFA L50)

This appears to be an appropriate correlating expression as the relative fual/
air ratio at lean-blowout is known to increase with the use of airblast injec-
tion, and the fraction of the combustor air in the primary zone increases with
the utilization of such injectors. The primary zone air fraction, fpz. can

be estimated by summing the values of WDOTAS, WDOTAF, WDOTRS, WPOTDS, and up
to 1/3 of WDOTPJ from Table XII1. However, more appropriate values of fpg
were obtained from STAC-1 computer printouts as a considerable amount of re-
circulated combustion gases avre presant in the primary zone at ground-idle and
altitude-restart conditions. The difference in primary zone combustion gas
temperatures among the combustors is reflected in the droplet SMD evaporation
(residence) time.

Because this was the first attempt to extend analytical prediction capability
with respect to the lean-blowout limit to include both fuel effects and com
bustor design, only the ground-idle condition has been computed. Altitude-re-
start analyses indicated that the available pressure differential across the
liner was only 0.2 %Pa (0.03 lb/in.z, 0.83 in. of water). Under such condi-
tions the single, large airblast injector of these concepts would not be ef-
fective and fuel flow to it would be rerouted to the pilot. The initial size
of the droplets produced by the pressurized pilot nozzle of these hybrid in:
jected combustors is independent of combustor type but dependent on fuel type,
as shown in Figures 22, 28, 34, and 40. However, the subsequent temperature/
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time history of the pilot spray evaporation does depend on combustor councept
de-ign. The combustors can be qualitatively ranked with respect vo the lean-
blowout limit at altitude restart conditions by reference to the ground idle
lean-blowout predicted limits.

The lean-blownut relative fuzl/aic rallo 1s proportional to either the frac-
tion of the fuel evaporated in the primary zone or, equivalently, the evapora-
tion time of the SMD of the droplet spray. Since the baseline combustor uses
a dual orifice injector, while the other concepts use hybrid airblast injec-
tors, it is appropriate to determine whether the pilot nozzle SMD or the main
nozzle SMD is the better correlation parameter with respect to the fuel frac-
tion evaporated ir. the primary zone. The spray from the main nozzle of the
vercline’s dual-orifice injector barely evaporates at ground-idle conditions,
Figures 101, 104, Appendix B. It is not surprising, therefore, that the pilot
nozzle SMD is the better correlating parameter for this combustor. Main
nozzle spray from the airblast injectors of the other three combustor concepts
undergoes considecsably more evapcration at ground idle, Figures 113 and 1lle,
Appendix B, for example. Both pilot and main-nozzle SMDs correlated fairly
well with fuel fraction evaporated in the primary zone. The pilot SMD, how
ever, was the better correlating parameter across the entire fuel type range.
To eliminate confusion, the relative fuel/air ratio at lean-blowout has been
correlated directly to fuel fraction evaporated within the primary zone region
in Table XVIII.

Note that voth idle and altitude lean-blowout and ignition operation with re-
spect to fuel type could be improved by optimal redesign of the injection sys-
tem. The object of this study, however, was tc predict the effects of fuel
type on several fixed candidate combustors and to rank those combustor candi-
dates with respect to sensitivity to fuel type.

The dual-orifice injected baseline combustor exhibits more relative sensitiv-
ity to fuel type with respect to lean-blowout than do the airblast injected
concepts. As expected, the variable geometry combustor exhibits the least
relative lean-blowout sensitivity to fuel type. The relative lean-blowout
sensitivity to fuel type of the piloted prechamber and short prechamber are
both somewhat greater than that of the variable geometry concept and are quite
similar. The rankings given do not compare the actual lean-blowout fuel/air
ratios of each combustor. Rather the comparison is with respect to the indi-
vidual combustor's sensitivity to fuel type as compared with its lean: blowocut
limit using Jet A as the fuel. The combustor concepts can be ranked relative
to one another, and fuel type, through the following equation:

£ fe £
RFA(LBO) Combustor 1 PZ1 Jet Al . fuel2

RFA Combustor 2  f f f
(LBO) P22 fJet Az ffuel

1

The lean-blowout stability characteristics of the combustors have been norm
alized with regard to fuel type in Table XIX. Of the airblast-injected com-
bustor concepts only the variable geometry combustion has lean-blowout stabil-
ity characteristics similar to that of the baseline combustor. Both the
piloted and short prechamber combustors require considerably more fuel to
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Table XVIII.
Relative fuel/gir lean-blowout limits and relative fuel/air

ignition limits-ground idle.

Baseline combustor

Jet A ERBS 12.8 DF-2
ff 0.72 0.58 0.47
LHRr 1.00 0.974 0.990
" ) .
RFA(LBO) 20 1.275 1.547
sz air__% 17.68 17.74 17.71
Short prechamber
Jet A ERBS 12.8 DF-2
ff 0.88 0.77 0.66
LHRr 1.00 0.974 0.990
RFA(LBO) 1.00 1.173 1.347
sz air "~ 39.36 40.63 40.81
Piloted prechamber
Jet A ERBS 12.8 DF-2
ff 0.91 0.81 0.71
LHRr 1.00 0.974 0.990
RFA(LBO) 1.00 1.153 1.295
PZ air~ 34.56 35.36 35.73
Variable geometry
Jet A ERBS 12.8 DF-2
ff 0.97 0.91 0.83
LHRr 1.00 0.974 0.990
RFA(LBO) 1.00 1.094 1.180
sz air" 21.98 22.28 22.31
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Table XIX.
Hormalized relative fuel/alr lean-blowout limit. and relative fuel/air
ignition limits of combustor concept and fuel tvpe-ground idle

- YV o Variable |

2 ¥ -~‘~_] gg;eline _ggortAprechgﬂgggi' g;;otgg"gpechamher geome{g{J
Jet A 1.000 2,226 1.958 1.243
Baseline - ERBS 12.8 1.000 2.109 1.8C4 1.0/8
DF-2 1.000 2.006 1.658 0.961
Jet A 1.000 c.878 0.558
Short prechamber-—- —ERBS 12.8 1.000 0.856 0.51L
DF-2 1.000 0.842 0.479
Jet & 1.000 0.636
Piloted prechamber —-ERBS 12.8 1.000 0.598
CF-2 1.0C0 0.569
Jet A 1.000
Variable geometiy «-=—- ERBS 12.38 1.000
DF-2 1.000

suctain combustion than does tho taceline combustor. Clearly. with respect Lo
design and actual fuel/air ratio required to sustain combhustion, regardless of
fuel type, the cumbustors may be ranked in the following order:

baseline

variable geometry
Piloted prechamber
. shcrt prechamber

& W

A congsiderzble wariarion in lean-blowout stability occurs between the variable
geometry and the remaining two airblast-injectcd combustor candidates.

The results were obtained using parameters that correlated with the wean drop-
let residence time of the pilot nozzle spray. This vindicates the choice of
the hybrid airblast injector concept for these combustor devigns (single,
large airblast injector with simplex pilot). Altitude-restart rconditions em-
ploy only pilo: nozzle flow. This implies that the correlations develcped for
predicting the ground idle relative lcoan-blowout iimits would apply equally
well at altitude-restart conditions. The conbustion stability characteristics
of the combustors at altitude would be expected to be the same as at ground
idle. Therefore, the relative ranking of the combustors with regard to lean
blowout stability should not change at conditions wther than ground idle.

4.6.3 Ignition-Relight

Detailed experimental studies confirm practical experience in showing that ig-
nition is enhanced by increases in pressure, temperature, and spark energy,
and is impeded by increases in velocity and turbulence intensity. Ignition
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performance is affected by fuel properties, particularly volatilily as it af-
fects evaporation rates, through the way in which they influence the concen.
LLMLIUIL UL AUuSy vapuk & wue chmmwasw-< ~.2.Nity of the igniter pluz. Surface
tension and viscosity also are important in the way they affect the mean fucl
droplet size. HMuch of the extia energy required to ignite a heterogeneous
mixture is absorbed in the evaporation of fuel droplets, the actual amount
depending on the distribution of the fuel throughout the primary zone and the
quality of the atomization. 1In essence, what is done to enhance lean-blowout
stability also enhances ignition. TIgnition stability plots are sirilar to
those for lean-blowout; the occurrence of ignition, however, requires a higner
fuel/airv ratio than would be necessary for combustion stability at the same
operating conditions. Once the mixture is ignited, the fuel/air ratic may be
reduced to just above the lean-limit while still maintaining combustion sta-

bility.

It is not surprising, therefore, that when recourse is made to relationships
in which the key fuel properties are expressed in values relative to those of
a baseline fuel--Jet A in this study, the approach leads to an equation that
is nearly identiczl to that for the lean-blowout fuel/air ratio (Ref 9). The

only difference is a higher pressure dependence P31'5 for the lean-lightup

fuel/air ratio versus P31'3 for the lean-blowout fuel/air ratio. Again, if

it is assumcd that the combustors are generically related, and that at similar
operating conditions, the ratio B/Vpz may be considered to be a constant,

the relative fuel/air ratio results for lean-lightup are identical to those
for lean blowout. Thus, Tables XVI1I and X1X, as indicated, may also be used
to correlate ignition characteristics of the combustors and fuels.

4.6.4 Liner Wall Temperature

The liner may be regarded as a container of hot flowing gases surrounded by a
casing in which air is flowing in the space between the liner and the casing.
The liner is heated by radiation and convection from the hot combusting gases
within it and is cooled by radiation ¢o the outer casing and (primarily) by
convection to the annulus air. The relative proportions of the hot side radi-
ation and convection components depend on combustor design, operating condi-
tions, and fuel type.

Increased liuner wall temperatures can dramaticzslly alter combustnr life. The
lif2 of conventionally cooled conbustor liners is generally limited by cracks
in specific seam welds caused by low-cycle fatigue. Low-cycle fatigue results
from cyclic expansion and contraction of the combustor liner during engine op-
eration. Increased liner wall temperatures can increase the thermal gradient
in critical areas of the combustor and cause higher stresses in seam welds and
increased sensitivity to low-cycle fatigue. At high--power operating condi-
tions the stress concentrations in the vicinity of seam welds can be well
above the yield strength of the material causing plastic deformation with each
cycle, Differences of as little as 11°C (6°F) increase in wall temperature
have been reported tc decrease combustor life by approximately 10% 30% depend-
ing on combustor design (Papers 4, 5, and 7 of Ref 19).

High power operating condition liner wall temperature effects due to fuel type
appear to be fairly well characterized by fuel hydrogen content. As fuel
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hydrogen countent is reduced, scot formation uis increased. Increased soot. for-
mation leads to highev flame emisgivity within the combustor and increased
smoke emissions at the corbustor exit. Internal radiation from the hot gases
dspends on the temperatures and emissiviciers of the hot combustion gases and
of the inner surface of the combustor liner. The liner temperature increases
vbserved with reduced fuel hydrogen content are almost totally attributed to
increased internal radiation, primarily due to increased flame emissivity.
Internal radiation heat transfer can be reduced by reducing the emissivity or
temperature of the combustion gases, by increasing the liner surface tempera-
ture (undesirable), or by reducing the liner absorptivity. Liner wall temper-
atures, then, can be reduced by reducing the emissivity of the combustion gas
and/cr a mechanical change enhancing the effectiveness of the wall cooling.
Caramic thermal harcvier ccatings have also been used in the inner surface of
the lincr wall to reduce metal temperatures.

Soot formation and increased flame radiation are closely related. Soot forma-
tion in the primary zone is determined ¢ a large extent by combustor design,
i.e., the stoichiometry and mixedness of 'he primary zone; however, fuel prop-
erties can play an important role. A nui..er of authors have conducted a ser-
ies of experimertal combustor studies to determine which fuel properties, phy-
sical and chomical, are important to soot formation, and, hence, increased
frame csmissivity, in gas turpine comoustors {(Papers 5-8, Ref 19). Despite the
apparent influence of hydrocarbon type (especially differerces bektween l-ring,
2-ring, and 3-ring aromatics), the effects of fuels tested to date appear to
correlate most satisfactorily with hydrogen content. Hydrogen content and
aromatic content appear to be of equal value as correlating parameters for
increased flame radiation, while ring carbon appears to be a relatively poor
correlating parameter. This suggests that the aromatic ring structure itself
is not of great importance, and that aromatic content correlates the data well
oniy because of the lower hydrogen content of the aromatic molecules (Paper 7
of Ref 19). This same study suggested that polycyclic aromatics such as
tetrzlins and naphthalenes might not follow such a simple hydrogen correla-
tion. Test evidence indicated that fuels containing significant amcunts of
polynuclear aromatics (> 5% by vol) can produce more soot than their hydrogen
conient would predict, but that the increase is dependent on the combustor de-
sign ard operating conditions. Combustor design and operating condition can
become of significant importance when burning ERBS blends that contain signi-
ficant amounts (> 10% by vol) of naphthalenes. Alternatively, if reduced hy-
drogen content is desired, it may still be reasonable to restrict the amount
of naphthalenes within the fuel.

No attempt was made to predict the liner wall temperature as a function of
fuel type for the different combustors being considered in this report  Heal
transfer models considering the effect of fuel composition, based on the sim-
pie methods of Kretschemer and Odgers (Ref 21), have been developed by those
authors in Paper 8 of Ref 19 and by Lefebvre (Ref 9). 1In each case, the lum
inosity factor, L, an empirical correction to the flame emissivity, must be
introduced to obtain reasonable agreement between experimental data on gas ra-
diation and prediction. 1In the absence of experimental data a relationship
for L hag been developed that is related to fuel hydrogen content. But this
relationship should only be applied to combustors in which the primary zone
equivalence ratio is near unity and the flow field in that region has been
established by a pressure fed atomizer.
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The use of such a model yields results for standard type combustors that are
in good agreement with the correlation obtained by Blazowski and Jackson (Ref
22 and 23) between hydrogen content and liner wall temperature for several en-
gines. The predicted mean effects on wall temperatucres in the recirculation
zone are presented in Figure 76*. The effects are expressed in the dimension-
less form used by Blazowski, where Ty, is the wall temperature resulting from
using a fuel containing a standard amount of hydrogen (usually a hypothetical
baseline fuel, H% = 14.5). The magnitude of the effects due to hydrogen con-
tent is most significant when the emissivity is low, such as at low pressures.
The data shown in Figure 77 represent cruise conditions with combustor inlet
temperatures ranging from 274°C (525°F) o 463°C (B65°F). The shaded zone
represents primary zone predictions for these cruise conditions. Again, gcod
agreement between experimental data and predicted resuits, in terms of the
Blazowski parameter, is attained for these standard type combustors.

Data for a more modern combustor, the F1l0l, are plotted in Figure 78. The en-
gine data points lie below the general scattcr of the previous engines and
also below the predicted values zt the engine operating conditions. The F101
uses an airbiast injected combustor and, as is the case for the airblast in-
jected comburtor candidatesz in this repori, the primary zone establisned with
in the F101 combustor is leaner and more uniform compared with the primary
zone produced by pressure fed atomizers. The emissivity of the combustinn gas

;gigures 76: 77, and 78 are from Paper 8, Ref 19,
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has, consequently, been reduced through combustor design; soot formatine in
the primary zone has veen reduced due to decrcased stoichiometry and increased
mixedness. The use of a nodel employing on empirical relation for the flane
luminosity factor that does not consider combustor design and operating condi-
tions should not be applied to more modern combustors. Additional work re:
mains to generalize the relationships governing the flame luminosity factor,
L, if it is to be retained as a generaliied correlating parameter for deter-
mining liner wall temperatures.

The trends depicted in Figures 77 and 78 do, however, allow some generaliza-
tions concerning the sensitivity of the liner wall temperatures of the combus-
tor candidates to fuel type. The increase in liner wall temperature for the
three airblas. injected combustors will be considerably less than that cf the
baseline combuster as the fuel hydrogen content is reduced Assuning that the
fuel-air mixture within the primary zone of each of the airblast injected com-
bustors is well mixed, the combustion gas emissivity (and, hence, total radia-
tion) will then be proportional only to the combustion gas temperature. The
predicted combustion gas temperatures at maximum power (Jet A and DF-2) for
the individual combustors are presented in Figures 1C8#, 111, 120, 123, 138,
and 141 of Appendix B. The combustion gas temperature is lowest for the
variable geomaztry combustor and increases with the use of the piloted pre-
chamber and short prechamber combustors, respectivaly.

Further, even if the assumption were made that the liner wall temperature in-
crease of these combustors followed the model prediction, a change of fuel
from Jet A to ERBS 11.8 would cause a 38°C (100°F) change in combustor hot
spot temperature. This calculation was based on an allowable hot spoc temper-
ature of 899°C (1650°F) on Jet A and no enhancement in liner cooling. The
airblast-injected combustor liners are, however, fabricated from Lamilloy.
The transpiration cooling effectiveness of this cocling technique has been
shown to reduce the liner wall temperature by more than 38°C (100°F) on Jet A
fuel. This computation was performed for the specified amount of cooling as
prusented in Table XII1. Consequently, nn adverse liner temperature effects
would be expected for any of these combustor candidates.

With respect to design and liner wall temperature sensitivity to fuel type.
the combustors may be ranked in the following order as a function of their in-
ternal gas temperature and mixedness:

variable geometry
piloted prechamber
short prechamber
baseline

& W N

4.6.5 Smoke

Exhaust smoke is caused by the produ~tion of finely divided soot particles in
fuel-rich regions of the flame and mway be generated in any part of the combus-
tion zone where mixing i: inadequate. Most of the soot produced in the pri-
mary zZone is consumcd in the high temperature regions downstream. The rate of
soot formation is governed by conditions within the primary zone, while the
rate of soot consumption is determined by the post-primary and, in modern hipgh
temperature engines, the dilutior zone also. The soot concentration obscrved
in the exhaust gases is an indication of the dominance of one zone over the

other.
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Soot is not an equilibrium product of gas turbine combust.ion, and it is, to
date, not possible to predict its rate of formation and final concentration
from kinetic or thermodynamic data. The rate of soot formation tends to be
governed more by the physical processes of atomization and fuel/air mixing
than by kinetics,

Although a number of specific mechanistic models for soot formation have been
proposed, the exact mechanism is not understood. It is generally believed
that condensed ring aromatic hydrocarbons may produce soot through a ditferent
mechanism than do aliphatic hydtocarbons. Both types of hydrocarbons may pro:
duce soot through a fragmentation/polymerization route but aromatic hydro-
carbons can also produce soot through a condensation of the aromatic rings in-
to a graphitelike structure. This latter route is believed to be faster than
the fragmentation/polymerization route so that during the fuel-rich combustion
of a fuel blend composed of aromatics and aliphatics, the aromatic hydro-
carbons would produce the major quantity of soot. Experimental data obtained
by Blazowski (Ref 24) using various blends of iso-octaiie and toulene fuels
were found to be consistent with this model. The results reported in Paper 7
of Ref 19 indicates that the actual mechanism is considerably more complicated
for fuels containing appreciable amounts of polycyclic aromatics, such as
tetralins and naphthalenes. These fuels, depending on combustor design and
operating conditions, can produce more soot than their hydrogen content would

predict.

Lefebvre (Ref 9) indicates that the controlling factors for soot formation
and, hence, smoke from gas turbines have been determined to be fuel proper-
ties, combustion pressure and temperature, fuel/air ratio, atomization qual-
ity, and the mode of fuel injection.

The influence of fuel properties on smoke production are through the induce-
ment of formation of local highly fuel-rich regions and the variable resis-
tance to carbon formation as exhibited by different fuel types. Formation of
fuel-rich regions is controlled by physical properties such as viscosity and
volatility, which affect the mean drop size, penetration, and rate of evapora-
tion of the fuel spray. The resistance to cdarbon formation relates to molecu-
lar structure, and the relationships of soot formation to hydrogen content,
aromatics, polycyclic aromatics, etc, have already been discussed,

Problems of soot and smoke are always more severe at high pressures. The rea-
sons for this derive both from chemical effects and physical factors, which
affect spray characteristics and the distribution of fuel/air within the
soot-generating regions of the flame. Increased pressure extends the limits
of fiammability, so that soot is produced in regions that, at lower pressures,
would be too rich to burn. An increase in pressure also accelerates chemical
reaction rates, so that combustion is initiated earlier and a larger propor-
tion of the fuel is burned in fuel-rich regions adiacent to the spray. 1In-
creased pressure primarily affects spray characteristics from pressure fed
atomizers, tending to reduce spray penetration and concentrating the fuel in
soot-forming regions just downstream of the nozzle. An additional adverse ef-
fect of an increase in pressure is a reduction in the cone angle of the spray.
This increases soot formation both by increasing the mean drop size and, again,
raising the fuel concentration in soot-forming regions close to the spray noz-
zle. The production of soot from airblast atomizers is less dependent on

115




pressure because the atomized spray from such injectors is always airborne.
The distribution of the spray droplets throughout the combustion zone is dic-
tated by thte liner airflow pattern, which is not as susceptible to changes in
pressure.

The effect of changes in combustor inlet temperature on soot formation is not
entirely clear. Changes in this parameter influence many variables that re-
late to the soot formation prncess. On the other hand an increase in combus-
tor outlet temperature reduces smoke by extending the soot oxidation region
further downstream into the dilution zone where additional oxygen exists.

Because soot is formed only in fuel-rich regions of the combustors, soot and
smoke can be eliminated by limiting the local equivalence ratio in the primary
zone to around 1.3. The superior periormance of airblast atomizers with re-
spect to low soot formatien is due both to better atomization and to the
thorough fuel/air mixing incurred in the atomization process prior to combus-
tion. This effectively eliminates fuel-rich pockets from the combustion zone.

Lefebvre also attempted in Ref 9 to develop a generalized correlation for the
soot formation and oxidation processes. The difference between the two would
allow prediction of the combustor outlet soot concentraition. Thiz value can
then be related to smoke number. The expressions for the correlations involve
pressure, airflow rate, primary zone fuel/air ratio, temperature, and air
fraction, post-primary zone fuel/air ratio and temperature, and fuel aromatic
or hydrogen content. Although the correlations predicted the influence of
combustor operating conditions on smoke output, and demonstrated that soot
concentrations rise with increase in aromatic content of the fuel, they also
showed that the extent of this increase varied from one combustor to another
in a manner that cannot be predicted a priori. The correlations offered no
guidance on the likely smoke emissions to be anticipated from any new type of
combustor. Lefebvre concluded that the correlations failed to take into ac-
counit one or more processes important to soot formation. One obvious omission
is a term to describe the degree of mixing of fuel and air (such as from an
airblast injector) prior to combustion.

Foilowing Lefebvre's conclusion (Ref 9) that little improvement in the pre
diction of smoke emission can be expected until more quantitative information
is available on the influences of fuel/air preparation and fuel chemistry on
soot formation, no attempt was made to predict the soot emission index (or
smoke number) as a function of fuel type for the different combustors being
considered in this report. However, as soot formation and flame radiation are
interrelated, as described in the previous section, the trends summarized in
that section can be expected to apply for smoke emission levels also. Thus,
the smoke number of the exhaust from the three airblast injected combustors
will be considerably less than that from the baseline combustor as the fuel
hydrogen content is reduced. With respect to design and soot formation sensi-
tivity to fuel type, the combustors can again be ranked as a function of their
internal gas temperature and mixedness. This order is the same as that found
for liner wall temperature sensitivity.

4.6.6 Pattern Factor

One of the most important and difficult problems in the design and development
of gas turbine combustion chambers is achieving a satisfactory and consistent
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distribution of temperature in the exhaust gases discharging into the tur-
bine. It is pgenerally accepted that a salistfactory temperature profile is ge-
pendent on adequate penetration of the dilution jets in the combustor and the
presence of the proper number of such jets to form sufficient localized mixing
regions. However, the manner in which the total dilution hole area is util-
ized in terms of numbher and size of holes is still largely a matier of experi-
ence.

If only the final mixing process is considered, the temperature and composi-
tion of an elemental volume of gas is affected in a complicated manner by the
dimensions, geometry, and pressure drop of the liner, the size, shape, and
discharge coefficients of the liner holes, the airflow distribution tn various
zones of the chamber, and the temperature distribution of the hot gases enter-
ing the dilution zone. For any given cowbustor, the latter is strongly in-
fluenced by fuel spray characteristics such as drop size, cone angle, and
penetoation. These control the patterm of burning and, hence, thse distribtm-
tion of temperature in the primary-zone #fflux (Ref 9)., The mode of fuel/air
preparation, therefore, can be of paramount importance in determining the ef-
fectiveness of subsequent dilution zone mixing and the resulting temperature
profile ol the gases entering the turbine.

The most important temperature pirameters are those that affact the powar out-
put of the engine and the life and durability of the downstream hot sections.
Tie temperature parameter best reflecting the overall engine performance is
the burner outlet, or alternatively, the turbine injet temperature, T4,

which is the mass flow weighted mean of the combustor exit tewmperature. Since
the nozzle guide vanes are fixed relative to the combustor, they must be de-
signed to withstand the maximum temperature measured in a burner cutlet
temperature survey, or traverse. The parameter of most relevance to nozzle
guide vane design is the overall temperature distribution factor, which high-
lights this maximum temperature. It is defined as

T -
Pattern Factor - ~max 4

T -T

4 73
where

Tmax = the maximum recorded temperature in the exhaust gas survey
T3 = the mear inlet air temperature
Ta = the mean exit tewperature of the combustion gases

The pattern fac.or (PF) depends at least on liner length, which controls the
i.ime and distance available for mixing, and the pressure drop across the
liner, which governs the penetration of the dilution jets and their vate of
mixing with the products of combustion. Lefebvre (Ref 4), from an analysis of
experimental data on tubular combusrors, developed the following correlation
for vatiern factor:

Toax T BB, L -L, -1
PF = *?rjar"': loexp | ~Q * — * _115;,_
4 73 qref L
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AP

Lo the liner pressure loss factor
qref
Ly = the total linesr length
D, = the liner diameter
Le = the liner lungth required to evaporate the fuel spray
Q = @ cunstant of proportionality for the liner type

Lefebvre used correlating parameters to estimate L, and found that Q is =
slowly varying function cf tubular (can) combuscor type. For the purposcs ot
this report Ly will be computed directly from the resuits of STAC-1. Paper

5 of Ref 19 found thet trends obtained in patteru factor veriations with fuel
froperties rorrelated with a vaporization index of the fuel in which the 90%
recovery tanmperstuve of the fuel was usad in determining the relative droplet
gize and mass-transfer munber., Processes witdln the combuster that would tend
to influence droplet size, penetr ticae, &nU veporisetion, all of which sub-
gequently impact the pattern factor, were consideced nore dependent on the

-y

final. stages of droplet life than on the initial stages.

Lefebvre, on the other hand, used u rcorrclating parsmeter (for Lg) that in-
volves the length 0 vaporize the Sauter reen diameter of the main spray flow.
Thase appreoaches are not entirely inconsistent. STAC-I results indicate that
at the lengths required to vaporize the SMD of the main spray at maximum power
(Figures 95, 96, 107, 110, 116, 122, 137, and 140 in Appendix B), 80% to 85%
of the total spray mass evaporated, regardless of fuel type or combustor
concept.

Following the type of procedure used ir determining -elative lean-blowout and
ignition limits, the combustors can he censidered to be gensrically related
such that Q can be assumed, as a first approximation, to de little different
for the various combustor concepts considered in this report. Ysing known
values for the liner pressure loss factor, L; 1304.8 mu (12 in.)], Df

(151.38 mm (5.960 in.j}, and Ly from the appropriate combustion chamber, the
relative pattern factor of one combustor can be directly compared with that of
another using the same or diffecent fuel type. A valve «f Q was deterwmined
and held constant during the comparisons. The pattern factor for the baseiine
combustor using Jet A is known to be 0.23, which when combined with the equa-
tions for the pattern factor utilizing a liner pressure lnss factor of 21.1,
and Ly, equal to 109 mm (4.3 in.) (Figure 9%, Appendix B), yielded a value of
0.140 for Q.

Thus
PF=1’ l— Y
exp [qref * Dy % _ 3 __W_J
a8 a, ~
X P T
1l - — 1
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and ‘he relative pattern foctor (EFE) can be computed as

1
1 1 e e e
exp 16,369 X somh—
lu. avrgx (-t |

contustng 1 or fuel 1

RPF coibustor 2 or fuel 2 - |
{- l__,.. b , =
axp 6,569 ¥ oo Ty

fmaller valuer of the pattern factor, or relative pattern factor., veflect more
unifeenity in the exhausi gases. The velctive pattoern factors us a function
of fuel type and combustor concevt are tabulated in Tahies XY it KXL.

*he dual orifice injectud baseline combustor exhibits more relative sensitiv-
ity to fuel type with resvect to patteru factor than do the alrdlast injectud
concepts,  Obvicusly, the pattern factor improves with increasiug engine power
feve: due to the reduction iv droplet avaporsticn time and, heace, Lp. This
phenomenon is verified by sctual engina data (Ref 9). However, decreasing
power levels, dowa ko about 35% of maximum power, do not necesserily result in
ppevating conditions where the evapucation tiwe constitutes a significant pro-
portion of the toiil vesidence time. For the airblast-injected cerbustor con-
vepts the evaporation time 15 not a siguificant fraction of the total ¢ .aabus-
tov residence time, vepariless of fuel type, for pcwer lavels above 35% «f
maximum. The lensth requicred for vaporization, Ly, does nut substantially
Aitfer with power except at idle conditions  Tharz the evaporat.on tiwe does
coastitute & significant portion of the total residence time, ana a sirong
oftect of coubustor contepts and fuel typs on pattern factor can be axpectead.

The influence uf fuel type o pactern factor is manifested through the effecty
¢f meun drop sive (viscosity and sucfice tension effects; and the rate (934
droplet evaporation (veolatility es correlated to ri3e]l pormal boiling tempera-
ture, 45 an example). Over ithe rauge of fuels examined the affect of fuel
type on pattern facter is velatively small, at least for the airblast-injected
concepts at the higher power levels. The bhigh pover conditions are where pat-
tern factor is most important to engire durabilily, and fortunmately at these
conditions, variation in ‘uecl type has a nearly negligible ~ffect. The .om-
bustor zontephs can be ranked relative to one anvther, and fuel type, as tab-
ulated irn Tabie XXI.

All of i{be sirblast inject2d cumbustor ceucepts have 3 lewer vattern factor
than Ahe baselinea conbustor. This deciresse it mere proncuncad as the tuel
type is varicd with irceeasing viscoulty (Jec A Lo pr-2) reflecting the sensi-
tivivy of the oual-orifice pressurized atomizers tc increasing fuel viscos-
1iy. Th2 short prechambex and piiotes prechumber exhibit the .owest predicted
pattern factor. The senritivity ¢f tbese two combustors with raspect to bhoth
pattert factor mag.itude any varistion with fuel type i< newrly wdentical.

The variable germetry combustor exhibils the same velative irsensitivily of
vattern factor to fuel type bt ihe magnitude of the nattern factor is pre:
dirted tc e slighily lirger. Physically, th.s is pavtly due to the 1et reasced
liner pressurs drop predicted for the variahle gedwatry combustor at maximuem
power. However, the corvelating equction (or predicting the pattern factor
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Table XKAT.
Normalized relative pattern factor as a function of both combustor
concept and fuel type at maximum power.

1—> Short Piloted Variable

Zl Baseline prechamber prachamber geometry
Jet A 1.000 0.687 0.726 0.991
Baseline ERBS 12.8 —— 1.000 0.617 0.610 0.85¢
DF--2 1.000 0.515 0.497 0.737
Jet A 1.000 1.057 1.443
Short prechamber —- -—ERBS 12.8 1.000 0.988 1.38¢6
DF-2 1.000 0.966 1.432
Jet A 1.000 1.365
Piloted prechamber ERBS 12.8 1.000 1.403
DF-2 1.000 1.482
Jet A 1.000
Variable geometry — ERBS 12.8 1.000
DF-2 1.000

may not be entirely applicable to variable geometry combustors in which 30% or
more of the entire airflow enters forward of the primary zone. 1In such cases
the uniformity of the primary-zone efflux may be more important than liner di-
lution zone pressure drop or liner length. The pattern factor of this com-
bustor may be as good as that predicted for the other two airblast-injected
concepts.

With respect to design and predicted pattern factor, regardless of fuel type,
the combustors may be ranked in the following order:

piloted prechamber
short prechamber
variable geometry
baseline

B W N =

No clear-cut distinction exists between the first two combustor concepts; both
have equally good pattern factors. The variable geometry combustor is pre
dicted to have a slightly poorer pattern factor compared with the former two
combustors, but the pattern factor for this combustor is still highly accept-
able (< 0.255 for DF-2 fuel). And because of some doubt as to the applica-
bility of the correlating equation for pattern factor to the variable geometry
combustor, it may rank as well as the first two combustors. The baseline
combuster is clearly inferior compared with the airblast injected combustor
concepts, particularly with respect to pattern factor sensitivity to fuel type.
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V. REVIEW OF RESULTS AND CONCLUSIONS
5.1 GENERAL FUEL-COMBUSTOR INTERACTION EFFECTS

Analysis of the processes occurring within gzs turbine combustor indicates that
although the impact of fuel type on combustion performance and liner durability
is usually small in comparison with the effects of combustor concept, liner
geometry, and combustor operating conditions, it is nevertheless of sufficient
magnitude to warrant serious consideration. Essentially the most important
factors governing liner durability and combustion performance are combustor
concept (liner size, liner pressure drop, fuel-air injection mode), and com-
bustor operating conditions. Fuel effects tend to play a secondary role,
particularly for advanced combustor concepts. However, in modern engines the
combustor must perform satisfactorily for long periods at extreme conditions
even on current fuels. Any factor, however, secondary, that creates a more
adverse combustor environment, can have a large, disproportionate effect on
combustion performance and liner durability.

In general fuel property effects on various combustor concepts can be classi-
fied as chemical or physical in nature. Predictions from STAC-I and correla-
tions indicate that fuel chemistry, as delineated primarily by hydrogen con-
tent, has a significant effect on flame radiation, liner wall temperature, and
smoke emissions.

Fuel physical properties that govern atomization quality and evaporation rates
are predicted to affect ignition characteristics, lean-blowout limits, combus-
tion efficiency, unburned hydrocarbon, and carbon monoxide emissions. Just as
these parameters, and nitric oxide emissions, are predicted to be nearly unaf-
fected by fuel chemistry, flame radiation, liner wall temperature, smoke emis-
sions, and even nitric oxide emission are predicted to be sensible independent
of physical properties. Nitric oxide emission is important only at high power
levels and neither fuel chemical nor fuel physical properties have significant
effects on NOy formation in this regime. Nitric oxide formation is predicted
to be dependent primarily on the combustion gas temperature and available ox-
ygen concentration.

Fuel chemistry also is predicted to have no direct influence on pattern factor.
Physical properties affect the pattern factor at low power through decreased
evaporation of the spray. The importance of the effects of this physical pro-
perty diminish with engine power becoming very small at the highest power set.
ting where the effect of pattern factor on engine life is most significant.

Finally, STAC-1 predicted results clearly indicate that any deteriorated per-
formance characteristics of the ERBS fuels and DF-2, as cempared with Jet A,
are primarily due to the physical prcperties of the fuels as they affect atom
ization. This is particularly true for the dual orifice injected baseline
combustor. The maximum power operating conditions were recalculated for each
combust.or concept and each fuel type using the same SMDs as those predicted
for Jet A. The deteriorated baseline combustor performance of the ERBS fuels
aré¢ DF-2 was restored to nearly the level attained when Jet A was used as the
fueli. The thermodynamic properties of the fuels, therefore, have little effect
on performance; however, the physical properties, viscosity, surface tensicn,
and liquid density, as they affect the atomization process, also determine the
level of performance.

123




Ag expected, the remaining combustor candidates which employ hybrid airblast
atomization are predicted to be less sensitive to the properties of alternate
fuel type, and performance deterioration can be nearly negligible,

5.2 GRENERAL FUEL YFIECTS

Some of the physical and thermodynamic fuel properties can be characterisii:s
solely of the fuel type. Among such phenomena are flash point, freezing
point, and thermal stability.

5.2.1 Flash Point

Tae flash point temperatures of Jet A and ERBS 17.8 are identical, ERBS 12.3
is 7°C (13°F) lower, while ERBS 11.8 ig 12°C (22°F) lower than Jet A. This
decrease in flash point temperature, as exhibited by the ERBS blends, is not
significantly different to indicate Lhat the fire risks associated with the
ERBS blends constitute an unknown, unacceptable hazard.

5.2.2 Freezing Point

The freezing characteristics of the ERBS blends proposed by HASA represent ex-
treme cases and could create a severe effect on the whole system of fuel
handling.

3.2.3 Thermel Stabilit
The ERBS blends exhibited considerable thermal stability when subjected to the
JFTOT procedure. The ERBS 12.8 and 12.3 blends actually exhibited more thermal
stability tharn that of Jet A, while ERBS 11.8 was only slightly less stable,
requiring a maximum fuel cooling of ¢°C (16°F) to achieve similar thermal
gtability as that of Jet A fuel.

5.3 PARAMETER VARIATION AND SPECIFIC FUEL EFFECTS AS RELATED TO COMBUSTOR
CONCEPT AND OPERATING CONDITIONW

The four final combustor candidates selected for detailed analysis in this
study included: the current production, dual-orifice injected hageline 250=C30
combustor, two baseline modifications, a shori prechamber and & piioted pre-
chamber combustor, representing a second level of technology, and & fourth
combustor, with variable geometry, that reflected a third or higher lazvel of
technclogy. These latter three combustors were all hybrid airblast injected
(airblast with simplex pilot).

It should be kept in mind that individual combustor concept operatiocn with re-
gpect tc fuel type could have been improved by optimal redesign of the injec-
tion system. The object of this study, however, was to predict the effects of
fue) type on several fixed candidate combusters and to rank those combustor
candidates with respect to their sensitivity to fuel type. Consequently, the
dual-orifice injector in the baseline combustor was identical to that in a
250-C30 engine and remained unchanged as fuel type was varied. The airvlast
stomizers for the remeining three combustor candidates were designed to give
good performance on Jet A and their geometry was then "standardized.” Subse-
guent predicted assessment of the atomization characteristics of theze airblast
injectors, using broad-specification fuels, is a direct indication of the
tolerance of the injector/combustor concept to fuel type usage.

124




5.3.1_ Pilot Nozzle Fuel Spray SMD

Pilot nozzle fuel spray SMD was not a function of combusior concegt because

‘he geometry and pilot fuel flow through the simplex tip of the pilot nozzle
was fixed for each fuel. The resulting pilot nozzie fuel spray SMD decreased
with increasing power level (largecr AP across the simplex tip) and increased
with increasing fuel viscosity and surface tension. The SMDs for the ERBS fuel
were predicied to be approximately 19% larger than those for Jet A. Pilot
nozzles were added to the airblast injectors to enhance their ignition and
lear-9lowout stability characveristics.

5.2.2 Main Nozzle Fuel Spray SMD

At all but the ground idle condition the smallest, predicted SMD was obtained
using the piloted prechamber combuiter (because of its use of secondary re-
atomization) fullowed in crder by, the short prechamber, variable geometry, and
baseline combustors. The large difference betwsen the predicted baseline com-
bustor produced SHDs and those from the other combustors reflectg the change
from dual orifice to airblast tnuel injection. Further, the predicted drop
size variation between fuels was minimized using airblast injection concepts.

5.3.3 Combhustion Efficiency

——

The combustion efficiency increases with increasing inlet pressure and temper-
ature (particularly as they affect the combustion gas temperature), combusior
volume, and with decreasing airflow rate (both of the latter trends increase
droplet residence time). Combusticn efficiency is primarily affected by ohys-
ical properties as they govern the mean drop size and spray evaporation rate.
Consequently, the predicled combusiion =2fficiency at power levels above ground
idle is essentially independent of combustor cnncept for those combusters with
airblast injection. The usage of broad-propoerty fuels, sucn as the ERBS
riends, requirve airblast injection councegis to achieve predicted, acceptable
performance efficiency even at increased power lsvels. Regardless of fuel
type. the variable geometry combustor, with cptimized radial swirler inlet ad-
justments, would have the highest predicted combustion efficiency throughout
the power range, followed clocely bv the short vrechamber and :iloted prechan
bet concepts. The predicced difference in combustion efficiency above pround
idle iz, however, nearly negligibie among the three combustors. The combusilion
efficiency of the baseline combustor using the broad properiy fuels is pre-
dicted tc be so low that it is an unacceptable candidate.

5.3.4 Unburned Hydrocarbon and Carbon Monoxide Emissions

In general, the emissions of UHC and CC parallcl one anosther. The resulting
oxidation of UHC to water and CO (or CO,} and the further oxidation of CO to
CO0; depends on the subsequent time-temperature history of the molecules within
the combustor.

Predicted unburned hydrocuerbon emissions are nearly eliminated through the use
of airblast injection concepts. Some minor predicted levels of VHC emissions
exist at the ground idle power level when the ERBS blends are used as the com
bustor fuel. Again, the predicted difference between the airblast injected
combustor concepts is nearly nepligible Dut the variable geometry concept ap
pears to be the most optimum combustor type cleosely tolliowed by the short and
piloted prechamber concepts.
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CC production is larger at thz lower power levels where an appreciable portion
of the total residence time in the combustion zone is occupied by the evapora
tion process. The influence of the fuel physical properties become important
as they control the mean drop size, the spray evaporation rate, and the time-
temperature evolution of the combustion gas temparature that controls the sub-
sequent chemical-kinetic rate of oxidation of CO to CO,. CGC emission from

the ERBS blends is predicted to be considerakhly greater than that produced when
Jet A is used as the combustor fuel at these power levels. Again, airbiast
fuel injection is required to lower the CO emission to an acceptable level.
Combustor concept is more important for CO emission control at the lower power
levels than it was for UHC emiscions. The ranking of the combustors with re-
gard to CO emission controi is predicted to be the same as that for UHC emis-
sion contrel. This clearly reflects the increased low-power combustion gas
temperature produced by the variable geometry combustor.

5.3.5 Mitric Oxide Emission

The quantity of NO formed and emitied is predicted to be more sensitive to
power level and combustor concept than to fuel type. The optimum combustor
would be cne that achieves high combustion efficiency throughout its power
range without producing the high primary zone temperatures that result in large
quantities of NO formation. 1In this respect the variable geometry combustor
exhibits optimum predicted control of the primary zone temperature and produces
the least NG, The shori prechamber and piloted prechamber combustors are both
predicted to produce 3-4 times the amount of NO as compared with that produced
by the variable geometry combustor.

5.3.6 Lean-Blowout Stability and Ignition

In zeneral, both the stability and ignition limits are, or can be, extended by
an increase in inlet pressure and tenperature, and reduction in the air mass
loading and turbulent intensity. The latter effect local changes in the
equivalence ratio and any change in equivalence ratio toward unity enhances
lean-blowout stability and ignition.

Lean-blowoitt. stability and ignition characteristics are very dependent on the
fuel physical properties that control fuel voiatility and atomization. Fuel
sprays of low veclatility and large mean droplet size have reiatively long times
required tor fuel evaporation and this time is often the main factor limiting
the overall rate of heat release. Consequently, the mode of fuel injection

and design of the primary zone (increased size, equivalence ratio) are of prime
importance in determining lean blowout siability and ignition characteristics.

The fraction of the fuel vaporized within the primary combustor zone can be
combined with a correlation for the lean-blowocut (igniticn) fuel/air ratic for
homogeneous mixtures to determine the fuel/air ratio at lean-blowout {ignition)
for heterogernieous mixtures. Alternate fuels with reduced tuel fluidity and
velatility can causc an increase in the fuel flow (hence fuel/air ratio) re-
quired to ignite the mixture or stanilize the flame within the combustor at

any given opeorating condition.

The final expression for lean-blow stability or ignition containg terms that

involve bhath the fraction of the tctal combustor air employed in primary- zone
combustion and the fraction of the fuel voaporized within the same zone. These
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parameters can be directly predicted by STAC-1. This permits ithe relative
tuel/air ratio at iznition or lean-blowout of one combustor to be dicvectly
compared with that ¢f another combustor at similar inlet cenditions.

The relative fucl/2ir ratio at ignition and lean-blowout generally increases
with the use of airblast injection as the fraction of the combustcr air in the
primary zone increases with the utilization of such injertors, decreasing the
equivalence ratio. Ofisetting this is the finer atomization of airblast in-
jectors, which increases the fuel fraction evaporated in the primary combustion
zone volume (increasing the equivalence ratio). Terms representing these ef-
fects are in inverse proportion to each other in the correlation as they should
be.

If comparisons are first computed with respect to the individual combustor's
sensitivity to fuel type as compared with its ignition or lean-blowout limits
using Jet A as the fuel, the dual orifice injected baseline combustor exhibits
more relative sensitivity to fuei type than do the airblast injected concepts.
As expected, the variable geometry combustor exhibits the least relative sen-
sitivity to fuel type, while that of the piloted prechamber and short precham-
ber combustocrs are quite similar in nature and are both morz sensitive to fuel
type than the variable peometry concept.

The rankings given do not compare the actual ignition znd lean-blowout fuel/air
ratios of each combustor. The combustor concepts can be ranked relative to one
another, and fuel type, using the newly developed correlation equation. When
this is done, only the variable gevmetry combustor of the airblast injected
combustor concepts has ignition and lean-blowout stability charactoristics
similar to that of the baseline combustor. Eoth the piloled and chort pre
chamdber combustors require morz fuel to ignite and sustain combustion. With
respect to design and actual fuel/air ratio required to sustain combustion,
regardless cof fuel type, the combustors may be ranked in the following order:
baseline, variablae geometry, piloted prechamber, and short prechambaer. The
baseline and variable peometry combustors were guite similar and considerably
better with respect to ignition and lean-blowout stability than the remaining
two airblast injected combustor candidates.

5.3.7 Liner Wall Temperature and_ Smoke

High power operating condition liner wall temperature effects due to fuel type
appear to be fairly well characterired by increasing inlet temperature and
pressure and fuel hydrogen content. As pressure is increased and fuel hydrc
gen content is reduced, soot formation is increased. Increased soot formation
leads 40 higher flame emissivity within the combustor and increased smoke
oemissions at the combustor exit. Internal radiation from the hot gases depends
on the temperatures and emissivities v{ the hot combustion gases (hence, the
dependence on inlet pas temperature,. The liner temperature increases observed
with reduced fuel hydrogen content ure almost totally attributed to the in
creased internal radiation, primarily due to the increased flame emissivity

Because cf the high temperature involved at high power operation, fuel physical
properties have little or no effect on liner wall temperature. Liner wall ten-
peratures can be reduced by either reducing the emissivity of the combustion

gas and/or a mechanical change enhaéncing the effectiveness of the wall cooling.




Soot formation and increased flame radiation are closely related. Soot forma-
tion in the primary zone is to a large extent determined by combustor design,
i.e., the stoichiometry and mixedness of the primary zone; however, fuel chem-
ical properties may play an important role. Polycyclic aromatics such as tet-
ralins and naphthalenes might not follow a simple hydrcgen correlation. There
is evidence indicating that fuels containing significant amounts of polynuclear
aromatics (>5%) can produce more soot than their hydrogen content would pre-
dict; however, the increase iz dependent on the combustor design and opsrating

conditions.

No attempt was made to predict the liner wall temperature as a function of fuel
type tor the different combustors being considered in this report. Heat trans-
fer models considering the e#ffect of fuel composition have been developed, but
the luminosity factor, L, an empirical correction to the flame emissivity, ~wust
be introduced to relate predictions to fuel hydrogen content. However, this
raelationship should only be applied to combustors in whiclt, the primary zone
equivalence ratiw it near unity and the flow field in that region has been
established by a pressure fed atemizer.

The predictions from the model dc, however, allow some genersalizations con-
cerning the sensitivity of the liner wgll temperatures of the combuster candi-
dates to fuel type. The increase in liner wall temperazture for the three air-
blast injected combustors is predicted to be considerably less than that of
the baseline combustor as the fuel hydrogen content is reduced. Ascsuming that
the fuel-air mixture within the primary zone of each of the airblast injected
combustors is weil mixed, the comoustion gas emissivity (and, hence, total ra-
diation) will then be proportional only to the combustion gas temperature.

The combustion gas temperature is lowest for the variavle gecmetry ceomnbustior
and increases with the use of the piloted prechamber and short prechamber com-
bustors, respectively.

Further, the airblast injected combustor liners are fabricated from Lamilloy.
The transpiration ccoling effectiveness of this coolinpg technique has been

shown to reduce liner wall temperatures significantly. Conseguently, no ad-
verse liner *‘emperature offects would be expected tour any of these combustor

candidates.

With respect to design and liner wall temperature sensitivity to fuel type,
the combustors may be ranked in the following order as a function »2f their in.
ternal gas temperature and mixedness: variable geometry, piloted prechamber,
short prechamber, and keseline. Little difference would be expected in the
liner wall tenperatures of the piloted and short prechamber conbustors.

Formnations of fuel-rich regions are controlled by fuel physical properties such
as viscosity and volatility, which affect the mean drop size, penetration, and
rate of 2vaporation of the ruel spray. The resistance to carbon fornation re
lates (chemically) to moleculacr structure and the relationship of soot forma:
tion to bhydrogen content, aromatics, and polycyclic aromatics, ete.

Because soot is formea only in fuel-rich regions 2f ihe combusints, smoke can
be eliminated by liniting the local eguivalence ratio in the prinary zone.
The superior performance of ajirblast atomizers with respect tou low soot forma
tion is due primarily to thorough fuel-air mixing incuvied 1in ti» atorization
process prior to cembustion. This effectivnly eliminates fuel vich pockets
from the combustion zone.
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Little improvement in the prediction of smoke emissions can be expected until
more quantitative information is available or the influences of fucl-air prep-
aration and fuel chemistry on soot formation. Consequently, no attempt was
made to predict the soot emission index (or smoke number) as a {uuction of fuel
type for the different combustors being considered in this report. Howvever,
as soot formatiorn and flame radiation are interrelated, the trends sumnarized
with respect to liner wall-temperature can be expected to apply for smoke
emission levels also. Thus, the smoke number of the exhaust from the three
airblast injected combustors will be considerably less than that from the
baseline combustor as fuel hydrogen content is reduced. With respect to de-
sign and soot formation sensitivity to fuel type, the combustors can again be
ranked as a function of their internal gas temperature and mixeéness. This
order is predicted to be the same as that found for liner wall temperature
sensitivity. :

5.3.8 Pattern Factor

The downstream hot section of a gas turbire engine must be designed to with-
stand the maximum temperature measured in a burner outlet temperature survey,
or traverse. The most relevant ~arameter is the overall temperaiure distribu-
tion factor, which highlights this maximum temperature. It is denoted as the
pattera factor.

The pattern factor depends at least on liner lengih, which conirocls the time
and distance available for mixing, and the pressure drop across ths liner,
which governz the penetration of the dilution jets and their rate of mixing
with the products of combustion (i.e., the smoothing of the temperature dis
tribution of the hot gases entering the dilution zone). For any given com-
tustor, the latter is strongly influenced by fuel spray characteristics such
as drop sirze, cone angle, and penetration, as these control the pattern of
burning and, hence, the distribution of temperature in the primary-zone efflux.
The mode =f fuel/air preparation can therefore be of paramount importance in
determining the effectiveness »nf subsequent dilution zone mixing 2nd the re-
sulting temperature profile of the gases entering the turbine.

Correlationz to determine the pattern factor have been developed that depend
on the liner pressure loss factor and the "equivalent'" liner length (that be-
yond the length reyuired for tuel spray evaporation) divided by the liner di-
amet.er. The "equivalent" Jliner length has been "computed” in several different
ways. Sone investigators found that trends obtained in pattern factor varia
tions with fuel propertizss correlated with the final stages of droplet life
times, ji.e., parameters based on the %0% recovery temperature. Othners used a
correlating parameter that involves the length to vaporize the Sauter mean di-
ameter of the main spray flow. These approaches are not entirely inconsisterit.
STAC-1 results indicate that, at the lengths required to vaporize the SMD of
the main spray at maximum power, 80-85% of the total spray mass has evaporated,
regardless of fuel tLype or combustor concept.

Following the type of procedure used in determining relative lean- blowout and
ignition limits, the relative pattern factor of one combustor can be directly
compared with that of anctner ucing the same or a different fiiel type. The
dual orifice injectad bascline combustor exhibits more relative sensitivity to
fuel type with respect to pattern factor than do the airblast injected con-
cepte. Ohviously, the pattern factor improves with increasing engine power
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lnvel due to the reductlon in liner length required tfor droplet evaporation.
For the airblast injected combustor concepts the evaporation time is not a
significant fraction of the total combustcr residence time, regardless of fuel
type, for pcwer levels above 35% of maximum. The length required for vapori-
zation does not substantially differ with power except at idle conditicns,
There the evaporaticn tine does constitute a significant portion of the total
residence time, and u strong effect of combustor concepts and fuel type on
pattern factor can be expected.

Dver the rangs of fuels exomined the effect of fuel type on pattern factor is
relatively small, at least for the airblast injected concepts at the higher
power levels. It is at the high power conditions where pattern factor is most
important. to engine durabiiity and, fortunately at these conditions, variation
in fuel type has a nearly negligible effect. All of the airblast injected
combustor concepts have a lower pattern factor than the baseline combustor.
This Jecrease is more proncunced as the fuel type is varied with increasing
viscosity reflecting the sensitivity of the dual-orifice pressurized atomizers
to increasing fuel viscosity. The short prechamber and piloted prechamber ex-
hibit the lowest predicted pattern factor. The sensitivity of these two com-
bustors with respect to both pattern factor magnitude and variation with fuel
type is nearly identical. The variable geometry combustor exhibits the same
relative insensitivity of pattern factor to fuel type, but the magnitude of
the pattern factor is predicted to be slightly larger.

With respect to design and predicted pattern factor, regardless of fuel type,
the combustors may be ranked in the following order: piloted prechamber, short
prechamber, variable geometry, and finally the baseline concept. There is no
clear-cut distinction between the first two combustor concepts; both have
equally good pattern factors. The variatle geometry combustor is predicted t»o
have a slightly poovrer pattern factor ccmpared with the former two combustors,
but the pattern factor for this combustor is still highly acceptable.

5.4 SUMMARY OF COMBUSTOR CONCEPT RANKING ORDER

Four combustor conzept candidates have been analyzed by STAC-1 (or combinations
of STAC-1 results and correlations) and ranked relative to cne ancther with
respect to tuel type sensitivity, according to their predicted combustion ef-
ficiency, emissions, ignition and lean-blowout characteristics, liner wall
temperature and durability, and pattern factor.

With respect to combustioun efficiency, unburned hydrocatbon, and carbon monox-
ide emissions, the relative ranking order of the combustors was unchanged:

variable peometry
short prechamber
piloted prechamber
baseline

0O 00O

The airblast injected corbustors were clearly superior to the baseline combus-
tor and their overall performance was nearly identical.

Both the haseline and variable geometry combustors exhibited better predicted
ignition and lean-blowout stalLility characteristics than either the piloted or
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short prechamber combustors. The latier two conbustors were predicted to have
similar igniticon and lean-blowout fuel/air ratios, but both uf thesc combustors
required considerably higher fuel/air rvatioy to ignite and sustain combustion.

Combustor contept vanking with respect tc liner wall temperature efle.ts, nitrcic
oxide, and snoke emissions weira predicted to be a function of the individual
combustor's internal combustion gas tewperature. Toae ranking of Lthe combustors
s, therefore, in inverse order of their combustion gas temperature:

o variahle geometrvy
0 piloted prechamber
o short prechamber

© baseline

Liner wall temperature effects as a function of fuel type, would be minimized
for the airblast injected concepts since they are to be constructed of Lamil-
loy, which provides =nhanced cooling effectiveness. Soot emission (smoke) is
expected to be low for ithese three combustors, again due to their use of air-
blast injection. Tne variable geometry combustor exhibited a clear advantage
in regard to decreased nitric owxide emission.

The predicted pattern factor of all three airblast injected combusl.or c¢oncepts
was superior to that of tho baseline combustor, reflecting the increased spray
rvaporation rate for all fuel types. Predicted pattern factor diff{erences be-
tween the piloted an¢ short prechamber concepts was very small, tollowed
closely by the variable geometry combustor. The baseline combustor was pre-
dicted to exhibit considerable sensitivity to fuel type.

On an overall basis, without regard to cost or operating complexity, the anal-
yses would rank the combustors in the following order:

variable geometry
piloted prechamber
short prechainber
baseline

090 290

The piloted prechamber combustor exhibited a clear, but admittedly small, ad-
vantage vith respect te ignition and lean-btlowout stability, and nicric oxide
emission compared with the short prechambeir cembustor.

When cost 2nd/or opevating complexity is included in the analysis, the order
of ranking would charge as follows:

o short prechamber

0 piloted prechamber
o0 variable geometry
0 baseline

The shori prechamber concept reptesents a very simple modificstion to the
baseline combustor, whiie the variable geometry would require extensive con:
trols for fuel flow and airflow rate scheduling.
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V1. RECOMMENDATIONS

Freeze point ~harscteristicy can creste zevery efféscts on che whnla cys.
tam of fusl handling. VFuture wlde-cut hlends should recain freaxing
point characteriotice similar te Jet % %o sliwinate the nesd for slrborne
fuel tuank heatmrs,

At lerit cne or two ol the finnl airblast injected coubusgtur candidate
concepts {(short sud/cr plloted prechamber) should dbe cunghructed and »
ta-t program initiated to¢ evaluate and verify the predicilons renuliing
from the STAC--I corputer code. The code has the potential to predict
combustor perfoimance efficlency, emivgions, ignition and lean-bhiownut
characteristica, and pattern facteor as A funtiion of combustor concept,
opereting cundition, and fuel type.
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LPPENDIX A

FHYGSICAL AND THERMODYNAMIC PROPEFTIES AND CORRELATIOR EQUATIONS OF LIQU1D
AND VAPCR JET A, ERBS 12.8, ERBS 12.3, ZRBS 1i.8, AND DF-2 FUELS

FURL CHARACTERIZATION RESULTS

The characterization results (not including distillation data that appear in
Figure ¢ in the main text) of the ERBS blends used in this study are presented
in Table XX11. Some of these results are also presented in sunmary form in
Table I1 in the main text.

Comparisons of ceriain critical properties of the EIlBS blends and those of Jet
A and DF-2 are preseated in Table XXill.

As expected, the flash poilut and freezing point both decresase with increasing
aromatic content. The 12°C (22°F) maximum decrease in flesh point, as repre-
sented by ERBS 11.8 corpared with Jet A, i8 not significantly diffecrent to in-
dicate that cthe fire risks assrciated with the ERBS blends constitute an un-
known, unacceptable hazard. 1Indeed, the flash points for the other ERBS fuels
12.8 anA 12.3, are rot very different from that of Jet A, Furthsr, as stated
by the authors of Paper 1, Ref 19, in tTeal operating conditions "there nust be
tropicul airports where fuels are continually being handled above their flash
points. Only the strict alrfield fucl handling rules, where all fu=)s--Kevo-
sine, wide-cut, agnd gascline--are treated as flammable, minimize thsz dangers
involved. . . .ii does seem peculiar that one of the specification limits which
obvicusly influences avalilability hes so little relevancy in the real world.”

These same authors are much mecre concerned with the freezing characteristics

of the fuz] blends. They believe the ERBS fuels propcesed by NASA (as presented
in this report) represent z2xtreme cases and would have such a severs effect on
the whole system of fuel handliug, etc, that it would require redesign of the
airframe o allow fuel hesting, and drastic changes to the combustor/engine to
overcome preblemms caused by the high aromatinc content and high wviscosity.

The authors of this report disagree regarding the extent of the severiiy of
potential problems within the combuster caused by increased fuel aromatic con-
tent and liguid viscosity. Changes to the iujectlon processes and liner cool-
ing techniques (zs evidenced in the short prechamber, piloved prechamber, and
variable geometry concepts) appear to alleviate those problems. However, the
concerng with the treezing characteristics of the ERBE dblends appear real.
These concarns should probably be given more consideration than combustor re-
quirements when officisl fuel property specifications are established. It will
be gimpler and less expensive to modify the combustor to meet future fuel
specifications tosn it will be to medify most other engine/airframe systems.

One of the more surprising results of this investigation was the discovery that
the ERES blends exhibited considerable thermal stability when subjected to the
JFTOT (48STM D-3241) procedure. The JFTOT procedure pumps the fuel {rom a res:
ervoir through an annulus sucrounding a small, elecirically heated, aluminum
tube that rzises the fuel Lo the desired test temperature. The fuel is then
puamped through & test filter and bark to the upper portion of the tlel reser-
voir. If the fuel is5 unstable, deposits will form on the hezted tube, and any
particulates formed will lead to an inzreasc in pressure drop across the
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Tahle XXILT.
ected charactevization vesults for Jey f, the ERDS
brends, and DT-2 facls,

Propeity Jet A ERBS 12.2 4R®S 12.3 EKBS 11.5 DF-2
Flash point--*C(°F)} 60 (140) 50 (140) 53 (12" 48 (118} 73 (1633
Specific gravily

16/26%C (60/60°F) 0.898 G.842 0.853 0.8¢4 U.840
Frecring point- -°C (°F) -46 (-50) -26 (-1%) -25 (-l&4) -24 (-11) -3 (426)
Net haat of combustion-- 43.2 42.1 A1.7 41.3 42 .8

MJ/¥g (Btu/lbm) (16,576) (18,200) (17,9490) (17,750) (18,393)
Thermal stability

JFTNT, breakpcint

temperature--°C{°F) 275 (527) 277 (531) 277 (530) 266 (511) 221 (430)

tilteir. The standard JFTOT procedure specifies the flow rate of the aerated
fuel, predetermined by a set nitrogen gas pressure, over the heated tube
(250°C) for 2 1/2 hr.

The amcunt of deposit on the tube can be rated either visually. or by using a
tube Qevosit rater (TDR) that operates on a light reflactive principle. Al-
though the visual rating is the method currently called for by ASTM D-3241,
the TDR is frequently used in fuels research, and its scale ranges from 0-50.
A value of 12-13 is general!y used ag an equivalent criterion for passing the
standard JFTOT test. In sddition to the requirement on deposits the 4P value
across the filter must not exceed 25 torr by the end of the 2 1/2-hr test. By
operating the JFTOT at temperwtures other than 260°C. the temperature at which
a fuel just fails either of the described tests may be determined. This tem-
werature is referred to as the breakpoint temperature and is used to compare
tlhe “hermal stability of fuels.

The results tabulated in Table XNIII indicate that the ERBS 12.8 and 12.3
blends actuilly exhibited more thermal stability than that exhibited by Jet
. ERBS 11.8 is only slightly leus st=zhle, requiring maximum fuel cooling of
a°C (16°F) to achieve the same thermal stability as Jet A.

“he fuel nozzle zonfigurations of the final combustor concepis analyzed in this
study du not involve thermal stabvility considerationz. The fuel is rarely heated
beyond 121°C to 149°C (230°F to 300°F) prior to injection into the combustor.
FUEL PHYSI1CAL AND THERMCDYNAMiIiC PROPERTTES

Holal Mass and Chemical Formule

The molal mass of the mure common hydiocarbons can ko computed using the tech
niques of Ref 1 to 5. Cenerally, the American FPetroleum ITnstitute (AFP1) grav-
ity correlates well with wmolal mass, as follows:
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A

g e

(appy®
vhere

. i41.5
Specific gravity

APl - 131.5

Published data (Ref 1-%) regarding the actual molal mass of JP-4, JP-5, Jet
A/JP-8, and DF-2 permitted the following satisfactory correlatiun to be

obtained:

4 - 11,216

(API)1.119076
Fuel :
JP-4 125
JP-5 169
Jet A/JP-8 164
DF -2 198

The correlation cannot be used to obtain the molal mass for high aromatic con-
centrate fuels such as the ERBS blends. The molal mass of these fuels was ab-
tained using structural data from Ref 6. Alternatively, the characterization
factor technique of Ref 2 yielded very nearly the same result. The ERBS fuel
blends exhibit unusual behavicr in that their molal mass decreases as their
specific gravity increases (decreasing APL).

ERBS fuel blends # avg
12.8 175
12.3 174
11.8 172

The equivalert chemical formula of each fuel may be computed assuming the fuel
is composed of only hydrogen and carbon, and the hydrogen/carbon ratio and
nolal mass are known.

Fuel Chemical formula
JP-4 Ca.8985 H17.9750
JP-5 C12.1301 H23.1199
Jet A/JP-8 C11.7678 H22 4764
ERBS 12.8 C12.6948 H22 3428
ERBS 12.3 C12.7059 H21.2188
ER35 11.8 C12.6342 H20 0884
OF- 2 C14.3005 H2¢.0269

The ERBS fuel blende are boih lower and upper bounded Ly Jet A and DF-2 with
respect to carbon content and upper bounded by both fuels with respect to hy-
drogen content. The ERBS fuels formulae reflect their lowered H/C ratio
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(higher aromatic content). The chemizal formulae given were used to represent
the chemical kinetic single-step global decomposition mechanism of the fuel to
CO and H,.

Fuel Liquid Density

The liquid density of each of the fuels was correlated using an equation, sug-
gested by Ref 5, which is considered to be quite accurate at the increasad
temperatures encounterved in combustion systems. The accuracy of this equation
has been verified through comparison with experimental data, and the close
agreement between predicted and experimental values is retained until the tem-
perature of the fuel approaches its critical value. At the critical tempera-
ture the densily predicted for the fuel becomes that of the fuel vapor.

In this aad all other corvelations, the fuel is treated as a well-stirred,
heated homogeneous liquid. Distillation of the more volatile components is
uot allowed. so that the deoendent variable being correlated is5 a function of
the entire liquid constlituency, temperature, and, by inference, pressure.
This concept. of correlation dues not violate application to droplet heating
and vaporization wittiin spray combustion (gas turbine) systems. Indeed, the
normal ASTM D-86 devived distillation curves dp not represent equilibrium
veluez nor are they intended to 4o so. At small relative Reynolds numbers
(35-40) vaporizing drvoplets undergo intense internal recirculation; dcoplet
internal temperature (and constituent and density) gradients cease to exist
and tine droplet vaporizes as if it were composed of a homogeneous fluid. ¥ean
droplet lifetime within a gas turbine combustor is on the order of 3-5 milli-
secondz, and within this short time span, homogeneoucs vaporization is a valid
approximation {(Ref 15).

The liquid density was correlated by the following equation and is presented
graphically as a function of temperature in Figure 79.

RLJN (TJS2K, JF) = KHOF(JF)* (1.0 - (1.8 * CEX(JF)

% (TJSZK - 288.6)) - 0.09 * (('fJS2K - 288.6)/(TCRK(JF) - 288.6))2) (1)
whiere

RLIN = density of liquid- 1lbm/ft3

TIS2ZK = temperature of liquid--K

J¥ = fuel type- -se> information that follnws

RHOF = density of liguid at 15°C

CEMZ = coefricient of expansion of liquid

TCRK = critiral temperature of liquid- K

The critical temperatures were calculat=d using the methods of Ref 4.

1 - -2 2 A 2
Fuel Jet A ERBS 12.8 ERBS 12 3 ERBS 11.8 DF- 2
RHOF 50.44177 52.5518 33.2635 53.9315 52.4395
CEX 0.000510 0.06004062 0.000453 0.000440 0.000407
TCRK 671.0 K 697.1 K 697.4 X 696.0 K 722.3 K
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Figure 79. Liquid density as a function of t{emperature.

Conversion to kg/m3 is accomplished by multiplying the first equation (or
RLJN) by 16.01847.

Liquid Specific Heat

The liquid specific heat was correlated by the following equation, which is a
modified and more accurate form of that precented in Ref 1 and 5, and is also
presented graphically as a function of temperature in Figure 80.

CPLIN (TJS2K, JF) = ((0.758 + 0.0033 * TJS2ZK)/
SQRT ((2.0 * RHOF (JF) + RLJN (T2S2K, JF)) (2)

* (.01601847/3.0) * 0.2388459
where
CPLIN = the liquid sperific heat--Btu/lbm- °F
ard the other symbols have the same meaning and units as used in Equation 1.

Conversion to kJ/kg-K is accomplished by multiplying Equation 2 (¢r CPLJIN) by
4.1868 (inverse of 0.2388459).

Ligquid Specific Enthalpy

‘the liquid specific enthalpy is the integral of the liquid sperific heat
(Equation 2) referenced to 25°C plus the enthalpy of formaticn (for each fuel)
at this standard reference state (25°C). In tne integraticn the contribution
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Figure 80. Liquid specific heat as a function of temperature.

from tke =quare root term in Equation 2, which coniains only the density vari-
ation, is treated as an averaged constant. The liquid specific enthalpy is
presented graphically as a function of temperature in Figure 81.

HIN (1JS2K, JF) = ([0.758 * (TJS2K - 298.313) + 0.00165 * ((TJSZK)2

- 88,893.0)]1/SQRT ({2.0 * RHOF(JF) + RLJN (298.15 + (3

(TJS2K - 298.15)/2.0, JF)} * 0.01601847/3.0)) * 0.429926 + DELHFO (JF)

where

HIY = the liquid specific thermochemical enthalpy referenced to

25°C--Btu/lbm
DELHFO (JF) = the liquid enthalpy of formation for each fuel at

25°C--Btu/lbnm

Values of DELH¥0O for each fuel are tabulated as follows:

A A -2 =S A 2.
Fuel Jet A ERBS 12.8 ERBS 12.3 ERBS 11.8 DF- 2
DELHFO  -702.312 ~823.693 -767.176 -762.280 -613.476

Conversion to kJ/kg is accomplished by multiplying Equation 3 (or HJN) by
2.32600 (inverse of 0.4299226).
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Figure 81. Liquid 2uthalpv as a function of temperature.

Varor Pressure

The vapor pressure was correlated by an equation developed in Ref 5. While
the values predicted by the equation do not rerresent an exact reproduction of
the "true eyuilibrium vapor pressure” variation with temperature, the equation,
expressed as a modified form of the Clausius-Clapeyron relationship,

represents & best fit between true vapor pressure, fuel tempesrature, and
vaporization data as measured through the use of porous spheres. The
predicted vapor pressure eand the true vapor pressure dependence on temperature
agree exactly at atmospheric pressure and at the critical pressure. The vapor
pressure is presented graphically as a fuiction of temperature in Figures 82
and 83,

PVJN (TJS2K, JF) = EXP (APV (JF) - BPV (JF)/(TJS2K-43.0)) * 0.1450378 (4)
wheve

PVIR = rhe vapor pressure in 1b/in. % absolute

APY and BPV asre constunts based on analysis of the experimeaital data of vapor
pressure available in the literature. Values for different fuels are
Labulated in the following:

JE L -2 = 4 2
Fuel Jet A ERBS 12.8 ERB3 12.3 ERBS 11.8 DF- 2
APV 15.0723 15.1/20 15.2971 15.6028 15.52954

4922 .89 5008.91 5383.59

4943.29

4620.67




fue) tvpey

— 0t Fo
120 = ——fR8S 2.3
r — = —DF-2
=~ = ==tR8S 12.3
eeecsERBS 11.8

¥Yapor urrssure --psia
o
o
T

{1] o

L 1
e} 100 200 300 A00
Temperaturs -°F

TE84-2060

Figure B82. Vapor pressure as a fuaction of temperature.
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Converslon to ¥Pa is accomplished Ly multlplying Equation 4 (or PVJIN) by
6.894757 (invarse of 0.1450378).

Latent Hest of Vaporization

The latent heat of vapovization at the fuel atmospheric normal toiling tewper
atuire wae determined by standard type corvelation equstions for the norwal hy-
drocarbona and from structural data (Ref 6) for the ERBS blends.

The latent hcat of vaporization (LTBN) at TBN (the fuel normal boiling temper-
ature at 1 atm) for the normal hydrocarbons was determined by the tcllowiig
equatiou:

LTBN = A(JF) + B(JF) * Lnyg (d) (5)

vhere

A and B = constants determined by comparison to experimental values for
LTBN.

The lacent heat of vaporization for the ERBS blends at 25°C was deiermined irem
structueral data, and the LTBN was ther computed using the correlation egquation
recommended by Ref 5. This same correlation equation was used to deterwmine

the latent heat of vaporization as a function of temperature for all the fuels.
The lateni heat of vaporization as a function of temperature is presented
graphical.y iv Figure B84

DLHVJ4 (TJS2K, JF) = LTBN (JF) * [(TCRK (JF) - TJS2K)
/(TCRL (JF) - TBN (JF)))0-38 x 0,429922¢ (6)

where

DLHVIN = the latent heat of vaporization at the temperature TJS2K--Btu/lbm

LTBN = the latent neat of vaporization at the fuel atmospheric normal
boiling temperature, TBN--kJ/kg

TBN = the fuel normal boiling temperature at 1 atmosphere pressure--K, as
dotermined by the methods of Maxwell, Ref 4

Values of &, B, TBN, and LTBN are as listed in the follcwing:

JF L 2 3 A -
Fuel Jet A ERBS 12.8 ERBS 12.3 ERBS 11.8 DF-2
A 721.837 - -—- --- 721.837
B -203.3556 --- ~—- - -203.3556
TBN--K  485.0 507.0 504.0 499.0 536.0

271.0 258.0 262.0 <54.0
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Figure #4. Latent heat of vaporization as a function of temperature.

Conversion to kJ/kg is eccomplished by multiplying Equaticn 6 (or DLHVIN} by
2.32600 (inverse of 0.4299226¢).

N S b et e

The liquid absolute viscosity appears in the Reynolds number snd drop csize
correlations used in combustion modeling. However, almnst all experimentai
data related to viscogity are reported in terms of the kinematic viscousity.
Thus, the liquid kinematic viscosit was correlated by the following equation
(Ref 1) an¢ then multiplied by the fuel density to yield the absolute viscos-
ity. The final results ara presented graphically as a function of tenperatures
ir. Figures 85 and 8¢.

Kinematic viscosity, KMUL

KMUL (TJS2K, JF) = [EXP (EXP (AMUK(JF) * Lng (TJS2K) + BMUK (JF)))
- CMUK(JF)] * 0.000001

M where

KMUL = the kinematic viscosity in me/sec

AMUK, BMUK, CMUK = constants deterwmined by comparisoa with e«perimental
values of the kinematic viscosity and tabulated in thz
following:

Absolute viscosity, MULJN
MULJN (TJS2K, JF) = (KMUL (T2S82K, JF)
* RLIJN (TJS2, JF) * 16.01847) * 0.0208855 (7)
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whera

MULIO « the ablolute vikcosity in Ihf.sec/f 2

AF - -2 A . -
Fuel Jet A ERBE 1%.8 EEB3 12.2 ERBS 11.8 DF-2
AMUK -4.21621 ~4.26859 -4, 2B0RBA -4.,23508 ~3.605206
BMUK 23.8355¢0 24, 4004¢C 24.,39413 24.10158 20.89323
CMUK 0.823940 0.¢268811 0.63085G (.657279 0.7800

Conversion to N-r/m? is accomplished by multiplying Equation 7 (or MULJIN) by
47,8803 {inverse of 0.0208855).

Liguid Surface Tension

The liquid purface tension, used primarily in correiations delermining droplet
mean diameters as produced by various injector types, was dectermived by the
follnwing equations in which the constants were deternined by comparison with
experimental data. Experinental surface tension data for the normal hydrocar-
bons can be found in Ref -5, while thote for tli2 ERES blends are tabulated as
a function of tempevature in Ref 6. The firal r2sults for suvfiace tension arve
prescnted graghically as a function of temperature in Figure 87, Note tlat the
units are retained in N/m since all zorvelations for obtsining mean droplet
gizes nuse 81 units.

First the AML gravity ic determined.

APL{JF) = 141.5/:0.01604&E47 * RHOF(JF)) -~ 131.5
The terw 0.01601347 * RHOKF(JF) is 0.C01 * RHCF(JYV) in kg/m3. At 15°C the
approximate density or water is 1000 kg/m3; the term in the denoaminator cf
tre equation for APl is the specific gravity.

The suirface tencion is thén calculated by the following equation:

SURTIN(TIS2K, JF) = [ASURT(JF) - LSURT(JF)
* AP1(JF) - CSURT(JF) * (TJEZK-290.0)]) % 0.001 (8)

where

SURTJN = the surface tension, Newtor/neter

APl = the "AP1" gravity as defined previously

ASURT, BSURT and CSURT = consrants determined by comparison with expari.
mental values of the surface tension and fzbula*ed
ir the following:

SJE_ - 2 3o 4 =
Fue!l Jet A EFBS 12.8 ERES 12.3 ERBS 11.38 DF- 2
AGUET 30.129 40.5 40.5 40.5 40.5
B35URT 0.1424 0.3381 0.3:44 0.3570 0.3020
CSURT 0.97916 0.0979¢65 0.093609 ¢.088422 0.0791¢
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Figuce 87. Surface tension as a function of temperature.

Conversion to Ibf/ft is acrcompiished by multiplying Egquaticn 8 (or SURTJM) by
0.068527.

Fuel Vapor 3Specific Heat

The fuel vapor specific heat is one of the most important variables determining
the rate of vaporization cf s fuel dropizt. Within combustion models that
consider spray evaporation and combustion, the fuel vapor specific healt is
usually determined at the so-called droplet film tewperature, TFJ. The drop-
let film temperatures may be defined in a number of ways; but experimental data
obtained under convective conditions appear to corrszlate well when TFJ is de-
fined as the addition of 2/3 of the droplet temperature and 1/ of the combus-

tion gas temperature. That is,
TF) = (2 ¥ TJS2 + T2)/3.0
where

TFJ = the film temperature--°R
TI8Z = the droplet temperature--°R
T2 = the combusition gas temperzture-- °R

Degrees in Rankine are uved as this ig the basic temperature unit in STAC 1.
Further, all gas phase species considered in STAC-1 express the thermodynamic
functions, specific heat, enthalpy, and entropy as functions of temperature iu
the form uf least squares coeffisients following the tfechnique used by Gordon
and McBride (Ref 29):




2
A ® ® - . whwe

o Nuz # B TIRGE TR (9a)
3 1.8 3,24

whore

Cp = Btu/idbm *R
R, = Btu/lom-mole *R = 1.9858¢
= the molul mass of the fuel
Z = the least nquars coefflcients

when the specific heat of the vapor is being considered, the temperature be
comes TF) in °R.

The vapo:r specific heat of the fuels was correlated using an equation suggested
by Ref 5. This equation is considerably move sccurate than a oetter known
equation propossd by Maxwell, Ref &,

CPVFIN(TIFY, JF) = [{0.36]3 + 0.00C4067 * TFJ/1.8) * (5.0 - 0.01601B4&7
* RHOF(JF))) * 0.238845%9 = (0.433505306 - 0,001388818 4~ RHOF(J¥)) (9b)

+ ((0.0903098306 - 0.0005C0993 * RHOF(JIF)) * TFI])

By direct comparison to Fgquation 9a

B e I (0.433505706 ~ 0.001308818 * RHOF(JF))

‘17 1.98586
A (9c)
LB 2 BOUED o oooaoonse . 0.006000903 % RAGE( IR
Zz : 1 HE586 (0.000300836 0.006000993 RHCKF(JF))

29, Ty, and Yg = D

Equation 96 for CPVFJIN is presented graphically in Figure 88 &as a function cf
temperature, As indicated in the figure, there is little difference in the
value for the vapor specific heat for the fuels being :omsiderad. Conversion
from Btu/ibm-°F to kJ/kg-K is accomplished by multiplying Equation 9b (or
CPVFJIN) by 4.1868 (inwverse of 0,238B459).

Fuel Vapor Enthalpy aud Entrepy

Fuel vapor entbalpy is inportsnt in those fuel rich regions of the combustor
where sufficient guantities of unreacted fuel vapor exist and contribute to
both the constituent wmix and energy of the gas phase flow. The vapor enthalpy
is expressed in a similar wanner as the vapor specific heat. 1In fact, the
vapor enthalry is simply the integral of the expression for the vapor specific
heat referenced to the standard state (25°C) plus the vapor enthalpy of forma-
tion at this standard state.

Following Gordon and McBride {(Ref 20), the vapor enthalpy in the pas phase is
expressed as

2
* L
1.98586 Z,m (171

HVAPG (T2, JF) = === (Z, * T °R ¢+ — " + 1.6 % Zo) ‘10a)
ficar
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Figure 8%, Vapor specific heat as a function of tempersture

Since 245, Z4. and g are equal to zeru, Zg repraserts the terms arising from
reference of the onthalpy to the svandard state 1f the integration of the
vapor specific heat cquation is pecformed, tbis latter termw, 2y, can be ex-
yressed as {ollows:
2w - (T 203.15) - (2.0 44,4670 + —BHEL S peiibyars (10L)
1 i ) 2 i ’ 3.574548 ' :
whare DELAFV(JF) 1s the enthalpy of Tormatic.a of the vapnr at 25°C and diffars
fcom the enthalpy of foirmation of the liquid (DLLHFO at 25°C) by the additicn
¢f the standard stite enthalpy of vapor.zation.

“he antropy of the fuel vapor is impcritant only as it affects the calculations
of the spe:ies concentrations and temperature if an equilib-ium rzaction siate
is assumed. The fuel vapor entropy enters the compulation relating to the
mitimization of the Gibb's function. As the concentration of fuel vapor is
virtually zero in the reacted eguilibrium state, the contribution vf the fuel
vapor entropy to the computations invclved is nearly negligible. Nevertheless,
th2 entropy of the tuels referenced to the standard stote was again computed
following Gordon and McBriue (Ref 20). The entropy cen be expressed as fol-
)mis:

SVAPG(T2, JF ; ©
A0 Lz s % + 2 X(T2-T°) + s: /R (11a)
u

Ru 1 n T®




wheve

T2 = the gas vemperature-K

%, a the stanCard state tampurature--25"7 (298.15 K)

8 : the entropy ot fornation of the fue)l at the standard state
R,; = the universal sas constant

The entrcoy of the fuel vapor can be expressed in canonical farm as follows
(Ret 20, with 23, Z4, Zg all equal rerod:

SYARG(TZ, JF) _ ,

2, % 5. % (11b)
R, 1 ;nnrz + Z T2 4+ 2

2 7

the coofficient Zy is then, by inspecrion,

27 = Sp /Ry - 2y % Lag T - 25 % 70

8314.41 J/kg-X

T*® = 298.15 K (25°Q)

ST was conputed by comparison to pur: hydrocurbon fuels havirg simi-
lar structure to Jot A, the ERBS blends, and !'°-2.

m
[
]

Jet A and the ERBS hlends were compared, with 1-Dodecene while DF-2 wac c¢ompared
with 1-Lodecane. Typical values ftor §. for Jet A and the ERBS blends
were ©07.1 kJ/kg-mole-¥ while that terfpr-2 was 595.01 kJ/xg-mole-K.

Fuel Vapor Themual Conductivity

The fuel vapor thermal conduntivity is similas in importance to the fuel vapor
specific heat as one of the variables detzrmining the rate of vaporization of
a fuel dropiet. The fuel vapor thermal conductivity is usually determined at
the film temperature. TFJ. The vapor thermal conductivity of the fuels was
correlated using the following =2quation sivggested by Ref 5. First, an e:po-
nential term involviag the film temperature in K is evaluated.

EXPN(TFJX, J¥) = 2.0 - 0,072 % (TFJK/TBN(JF))Z (12a)
wheve

TFJK = the film temperature in X

then

KVFIN(TFJK, JF} = [(13.2 - 0.0313 * (T8N(JF)-273))
* (TFJK/273) ** EXPN(TFJK, JF)) * 0.0C0001 * 0.1605028 (12b)

where

KVFJIN = the fuel vapor thermal ccenductivity at the droplet film tempera
ture--Btu/ft-sec. °R




Bquation 12b for KVFJN ls presented grapnically in ¥igure A3 as a function of
f.empersture. Conversion f{row Etu/ft-sec-*R Lo kJ/m-sec-K is accomplished by
rultiplying Equation 12b (s XVEIN) by 6.230421 (invavse of 0.1605028).

Fuel Vapor Abgolute Viscosity

The fuel vapor abaolute viscouity atfects droplet vaporization through the film
Reynolds ot Prandvl number contributions in Nusselt and Sherwood numbers for
heat and mags transfer, respectively. The fuel vapcr absolute viscosity does
not apgpear by itself in such currelatioans but is a’ways combined (in a very
rigorous and complex manner) with the combustion gas absolute visceoeity to form
the true film absolute vircosicy. The fuel vapor atsoluie viscosity was cor-
related using the following equation suggested by Ref 5:

MUVFJIN(TFIK, JF) = [AMUV{JF) * (TFJK)2-3/
(BMUV(JF) + CMUV(JF) * T3JK + (TFJK)2)] * 0.000061 * §.0202855 (13)

where

MUVFIH = the fuel vapor gbsnlute viscosity zt the film temperature, TFJK

in K. The viscosity has the units 1hf-sen/fed,

AMUY, BMUV, and CMUYV = constants determined by compariscn with experimental
values of the vapor alisolute viscosity and are tsbulated in the following:

~JE A -4 < A e
Fuel Jet A ZRBS 12.3 IRBS 12.3 ERBS 11.8 DF-2
AMuv 0.741367 0.741387 0.741367 0.7413%7 9.533305
MUV 226 ,18¢ £26,1.80 226,180 226,150 398,4G7.8
CMUV -206.996 -206 996 -206.946 -206.9%5 ~104.042

No expecrimental data for fuel vapor absolute viscosity were available for the
ERBS hlends, Recause of their similarvity tc Jer A, they were assumed Lo have
the same vapor absolute viscosity as Jet A. Equation 13 for MUVFJN is pre-
sented graphically in Figuce 90, as a function of temperature. The assumption
of eguating the vopor absolute viscusity of the ERBS hlends to that of Jet A
appears valid as littie variation in this parameter occurs even when DF-2 is
considered t> be the turbine fuel. Conversion from ibf-sec/ft2 to N-s/mZ

it pccomplished by multiplying Zquation 13 ‘or MUVFJIMN) by 47.8803 {(inverse of
0.0208855) .
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APPENDIX B
COMEBEUSTOR FLOW FIELD GRAPHIC PRESENTAT1ONS
CENTRA!L RECLRCULATION YONE

Tha volumetric size of the individual cumbustor's :aniral recirculation zone
(CTRZ) was determined by Allison's axisymmetric streamline analysis, COSM1(C,
at the maximum power operating condition. The results of this streamline an-
alysis, tor the final fcur combustor concepts, are presented in Figures 91
through 94.

MAXIMUM POWER AND GROUND IDLE OPERATING COMDITION COMBUSTOR FLOW FIELD
PRESENTAT1ONS

Graphic presentations of the STAC-I predicted fiow tields within the four con--
bustor concepts operating at maximum power and ground idle conditions on Jet A
and DF-2 fuels are presented in Figures 95 through 124 and Figures 131 thrcugh
148. The order of the graphical presentations with respect to combustor cor.-
cept is: Dbaseline, short prechamber, variable geometry, and piloted prechanber
combustors.

DESCENT POWER OPERATING CONDITION VARIABLE GEOMXTRY COMRUSTOR FLOW FIELD
PRESENTATIONS

Graphic presentation uof the STAC-I predicted flow field within the variable
geometry combustor concept operating at the descent power condition on Jet A
and DF-2 fuels are presented in Fipures 125 through 130,
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Figure 130. Variable geometcy- -descent with DF-2 fuel.

195




Variable geometry--ground fdle--Jet A fuel
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Figure 131. Variable geometry--ground idle with Jet A fuel.
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Figure 135. Variable geometry--ground idle with DF-2Z fuel.
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Figure 137. Piloted prechamber- -maximum power with Jet A fuel.
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Figure 138.
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Figure 139. Piloted prechamber- -maximum power with Jet A fuel.
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Figure 141. Piloted prechamber- maximum power with DF-2 fuel.
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Figure 142. Piloted prechamber- -maximum power with DF-2 fuel.
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Figure 145. Piloted prechamber- -ground idle with Jet A fuel.
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Figure 146. Piloted prechamber- ground idle with DF-2 fuel.
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tration. Finally, STAC-I predicted results clearly indicate that any deteriorated performance char-
acteristics of the alternate fuels are primarily due to the physical properties of the fuels as they
affect atomization. As 2xpected, the combustor candidates which employ hybrid airblast atomization
are predicted to bewless sensitive to the properties of alternate fuel type, and performance deteri-
oration can be nearly negligible.
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